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 Woord vooraf 
 
Hier is het dan, mijn doctoraat. Op de vakgroep werd ik ook wel eens de 
“paardenmadam” genoemd. Om mijn naam eer aan te doen, en de mensen niet teleur te 
stellen door niets over de paarden te zeggen doe ik het hier. Een doctoraat kan je in zekere 
zin vergelijken met de geboorte en het opleren van een paard.  
 
Eerst wordt er verwachtingsvol uitgekeken naar de geboorte van het veulentje. Wel 
het starten van een doctoraat is eigenlijk vergelijkbaar. Ik heb mijn thesis gedaan bij Prof. De 
Neve, hij vroeg me of ik interesse had om te doctoreren of assistent te worden. Ik solliciteerde 
en werd assistent bij Joost en Stefaan, hiermee was het doctoraat “geboren”.  Het veulentje 
groeit op en na een tijdje moet het afgericht worden, wat overeen komt met de beginstadia 
van een doctoraat. Wat is het probleem met fosfor (P) in de bodem? Wat is de omvang 
ervan? Hoe kan dit het beste aangepakt worden? Eens afgericht wordt er met het paard op 
wedstrijd gegaan, met positieve en minder positieve uitslagen. Dit was ook het geval bij het 
“P” onderzoek. Sommige proeven lukten wel en gaven beloftevolle resultaten, andere lukten 
niet onmiddellijk wat tot de nodige frustraties leidde, maar net zoals bij het trainen van een 
paard zette ik door en uiteindelijk lukten de proeven wel, we kregen resultaten en artikels 
werden aanvaard. En dan komt het “moment suprême”, de combinatie (paard en ruiter) is 
klaar om mee te doen aan de grote wedstrijd. Bvb. Jumping Mechelen of het WK jonge 
paarden binnenrijden en meedoen voor de ereplaatsen, een goed, foutloos parcours 
afleggen, met spanning naar de barrage gaan en daarna genieten van de geleverde 
prestatie. Dat is de kers op de taart voor elke ruiter die houdt van zijn sport en die met plezier 
beoefent. Wel dit boekje is de kers op de taart van mijn doctoraat, de verdediging ervan is de 
“moment suprême”, de barrage.  
 
De realisatie van dit alles is natuurlijk niet iets wat je in je ééntje kan verwezenlijken. 
Eerst en vooral wil ik Stefaan, en ook Joost bedanken om mij de kans te geven dit te kunnen 
doen, om me te begeleiden en te sturen. Daarnaast wil ik Stefaan ook bedanken voor het 
lezen, corrigeren en bijsturen van mijn “schrijfsels”. Bij deze wil ik ook mijn juryleden 




Luc bedankt om er steeds voor mij te staan, samen pakten we alle P uitdagingen aan, 
op het veld en in het labo. We lieten ons niet kennen en overwonnen de problemen die de 
spectrofotometer en ICP ons gaven “de P specialisten van ’t labo”. 
 
Tina, Sophie, Matthieu en Annemie bedankt voor de hulp bij de analyses en de leuke 
sfeer in het labo. Prof. Hofman bedankt voor de wijze raad en de leuke momenten in “den 
bureau”, Steven voor je hulp bij allerlei problemen (bvb. grapher) en je toffe ”faits divers”. 
Ook Nele, Mesfin, Jeroen en Laura wil ik bedanken voor de leuke samenwerking in de 
onderzoeksgroep. Caroline en Lien, bedankt voor de hulp bij PLEASE en matlab, jullie hebben 
me echt enorm geholpen.  
 
Ik wil ook mijn thesis- en stagestudenten bedanken die hun steentje hebben 
bijgedragen tot de realisatie van dit doctoraat (Mesfin, Fatouma, Bekkie, Tom, Raghunath, 
Karen, Mechelle). Daarnaast wil ik ook iedereen van de vakgroep bedanken voor de leuke 
sfeer waar ik de afgelopen 6 jaar deel mocht van uitmaken en voor de interessante, leuke, 
soms hilarische koffiemomenten in ‘t koffiekot. Mijn kennis van het sappige West-Vlaams,… 
is er zeker op vooruit gegaan. Al kan men zich afvragen of dit een essentieel onderdeel is van 
de doctoraatsopleiding?  
 
Natuurlijk zijn er ook mensen buiten “den unief” die ik wil bedanken voor hun steun. 
Veerle, bedankt voor de leuke lunches waarbij alles verteld kon worden en er stoom kon 
afgelaten worden. Veerle, Liesbeth, Tania en Joke bedankt voor jullie steun eerst tijdens de 
opleiding en dan tijdens het doctoraat. De maandelijkse uitjes waren een leuke ontspanning 
en hopelijk hebben we nog veel van deze momenten in de toekomst. 
 
Al mijn vrienden wil ik bedanken voor hun steun… Bedankt voor de fijne sportavonden 
en gezellige uitjes waar ik mijn hart kon luchten. Sofie bedankt om steeds klaar te staan met 
positieve woorden en mijn talrijke mails te blijven beantwoorden ook al stonden deze vol 
gezaag en geklaag. Marieke bedankt om me eerst de meest gekke ideeën in te praten en me 
dan te steunen om ze (proberen) te verwezenlijken. Gaëlle bedankt voor alle momenten dat 
je er stond als het niet meer ging, om al mijn gezaag met de smile te aanhoren en me steeds 
 het positieve en grappige van de situatie te laten inzien. Ik beloof jullie allemaal dat de 
woorden P en doctoraat niet meer in overvloed aan bod zullen komen en ik me weer “meer 
normaal” zal gedragen dan de laatste tijd. 
 
Mama en papa, bedankt dat jullie me de kans gaven om te studeren en te doctoreren. 
De laatste maanden waren zwaar, wat mijn humeur zeker niet ten goede kwam. Bedankt 
voor de steun, het vertrouwen en de mogelijkheden die jullie me gaven om dit tot een goed 
einde te brengen.  
 
Tot slot wil ik nog één iemand bedanken. Toevallig zijn we elkaar door een samenloop 
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Eutrophication can be defined as ‘the enrichment of water by nutrients causing an 
accelerated growth of algae and higher forms of plant life to produce undesirable effects 
resulting from anthropogenic enrichment’ (Csatho et al., 2007). The major effect of 
eutrophication is the enhanced growth of algae and other aquatic plants (Johnston & 
Dawson, 2005). Other consequences are a decrease in the ecological quality and biodiversity 
in the aquatic ecosystem, but also a disturbance in the surrounding terrestrial ecosystem. 
Finally eutrophication also entails the restriction of the use of surface water for recreational 
ends or for drinking purposes (Smith et al., 2006). 
 
Whilst both nitrogen (N) and phosphorus (P) contribute to eutrophication, several 
studies have identified that P is the main limiting nutrient in water bodies (Schindler, 2006; 
Withers & Haygarth, 2007). It seems of little use to control N if P is not controlled first. With 
the introduction of the EU Water Framework Directive (WFD) (anonymous, 2000) in 
December 2000, there is now a legislative framework to implement catchment controls over 
P inputs to EU waters from all sources, including those from agriculture (Withers & Haygarth, 
2007). On one hand, eutrophication is mainly caused by the excessive accumulation of 
nutrients in the soil which eventually are leached into water bodies (i.e. from non-point 
source). On the other hand, it is also caused by point sources, such as the discharge of 
untreated municipal wastewaters with high P concentrates (Schindler, 2006). In many 
countries, such as Belgium, policy measures were taken to tackle point source pollution 
through waste water treatment. However, these measures were not adequate enough to 
end eutrophication as the transfer of P from agricultural land to the water bodies remained 






     
Figure 1.1. Evolution of the orthophosphate concentration and the percentage of measuring points in surface 
water that meet their specific basic quality norm in Flanders (adapted from (VMM, 2010)) 
During the last decades, the European Union has been trying to tackle the 
eutrophication problem by developing new legislation and new planning, monitoring and 
evaluation instruments, e.g. the Urban Wastewater Directive 91/271/EEC (Anonymous, 
1991a), the Nitrates Directive (Anonymous, 1991b) and the Water Framework Directive 
(WFD) 2000/60/EC (Anonymous, 2000). A study conducted in 10 North West European 
countries to quantify the change in the concentration of reactive P in rivers revealed that 
there was a decrease in P concentration in each studied country (Foy, 2007). It also showed 
that the average mean reactive P in rivers in 2004 was the highest (337 µg P L-1) in Belgium 
followed by UK (265 µg P L-1) and The Netherlands (124 µg P L-1). Experiments with large 
water reservoirs have shown that no eutrophication occurs when the phosphorus 
concentration is reduced to 8-10 µg P L-1 even when the N concentration reaches 4-5 mg N L-
1
 
 (Clasen, 1979). 
To estimate the risk that agricultural practices pose in terms of eutrophication 
different measures of phosphate enrichment of soils have been introduced, e.g. ranking soils 
according to their P sorption index, the anion exchange resin, Fe-oxide strip and including 
the concept of degree of phosphate saturation (PSD) (Van der Zee et al., 1990a; Beauchemin 




available P (ammonium lactate extraction) is above 18 mg P 100 g-1 dry soil for cultivated 
land and above 25 mg P 100 g-1 dry soil for pasture. Between 2004-2007, 86% of the 
cultivated land were above 18 mg P 100 g-1 dry soil and 66% of the pastures in Flanders were 
above 25 mg available P 100 g-1 Figure 1.2 dry soil ( ). From 2008 onwards a decrease of 
around 10% was found for the total amount of agricultural land that was above 18 mg 
available P 100 g-1
 
 dry soil P and for pasture less than 51% was enriched, a decrease of about 
15%, what can be seen as a step in the right direction (Overloop et al., 2011). However, it is 
important to see if the decrease persists after 2010. Another remark that has to be made 
with the observed decrease is that the limit for P enrichment in the soil (limits fixed by the 
Pedological Service of Belgium) of the amount of available P is very high, the highest in 
Europe, where ammonium lactate extraction is used (Jordan-Meille et al., 2012). The limits 
in Europe are for most countries only half of the limit used in Flanders.  
            Cultivated land                 Pasture 
Figure 1.2. Percentage of agricultural soils in Flanders which have been found to be above 18 mg and 25 mg 
available P 100 g-1 dry soil for cultivated land and grassland respectively (Overloop et al., 2011) 
The agricultural sector is the biggest contributor to eutrophication when it comes to 
P enrichment. More research is needed to completely understand the relationships between 
the added amount of P to the soil, the amount of P that is fixed in the soil and the amount 
that leaches out. When the inputs and outputs of the P cycle are controlled, P runoff, the P 






Soil phosphorus cycle  
The P cycle in the soil includes plants and microorganisms (Stevenson & Cole, 1999). 
In contrast with the N cycle, the P cycle has no important gas phase (Figure 1.3). The major 
inputs of the P cycle are fertilizers (inorganic or organic), plant residues, agricultural wastes 
and municipal or industrial by-products (Pierzynski et al., 2005). Outputs from the soil are 
plant uptake and the loss processes erosion, runoff and leaching. It is crucial to keep these 
losses as small as possible since they represent a loss of nutrients and have large 
environmental impacts (eutrophication) (Pierzynski et al., 2005). 
 
Figure 1.3. Phosphorus cycle in soils (Pierzynski et al. (2005)) 
P is an essential element for all living organisms as it influences the metabolic 
activities of living cells. P is also essential as part of the most fungible energy currency of the 
cell, the adenosine triphosphate, that powers the metabolism and it forms one of the key 
structural components of all living organisms, the phospholipid cell membrane. The 
membrane practically defines living organisms by forming the boundary between them and 
their environment (Vaccari, 2011). Plants deficient in P are stunted in growth and maturity is 
delayed, which is typically observed with yellowing of the lower leaves. P is needed for seed 
formation, root development, strength of straw in cereal crops and crop maturity (Stevenson 





P in soil undergoes numerous reactions including shifts from inorganic to organic P 
and back. Soil factors that control the rate of conversion of P between the inorganic and 
organic forms regulate the short- and long-term fate of P in the environment (Pierzynski et 
al., 2005). Clearly, it is a challenge to maintain the concentration of P in soil solution in an 
optimum range for plant growth, i.e. > 0.2 mg ortho-P L-1, while restricting P in surface 
waters to 0.03 mg ortho-P L-1
Figure 1.3
 (Pierzynski & McDowell, 2005). To do this, it is necessary to 
manage the soil P cycle, and the chemical and biochemical processes involved therein : 
dissolution – precipitation (mineral equilibria), sorption - desorption, mineralization - 
immobilization (Pierzynski & McDowell, 2005) ( ). 
Inorganic soil phosphorus 
The fraction of inorganic P in soils varies largely between roughly 10 and 90% of total 
P, and is primarily present as adsorbed P and solid phases of primary and secondary P 
(Pierzynski & McDowell, 2005).  More than 150 mineral forms of P are known to exist in the 
lithosphere, varying widely in solubility and thus in their ability to provide bioavailable forms 
of P. Depending on the development and the time period of weathering of the soil, different 
minerals will weather and release P into the soil solution (Pierzynski et al., 2005). In 
unweathered or moderately weathered soils, apatites, i.e. calcium (Ca)-phosphates, are the 
dominant minerals. In areas of intense weathering, Ca and other basic cations eventually 
leach out, pH decreases and iron (Fe) and aluminium (Al) dissolve from mineral phases. 
Precipitates of Fe, Al and P then form and become the main mineral forms of P in highly 
weathered soils (Pierzynski et al., 2005). As P is dissolved or desorbed from soil minerals and 
colloids, it enters the soil solution in primary (PO4





orthophosphates. The relative concentration of these orthophosphates varies as a function 
of the pH ( ). Orthophosphate is present as either HPO4
2- (pH > 7.2) or H2PO4
- (pH 






Figure 1.4. Changes in the form of soil P as affected by the pH for soluble P (α = mole fraction of the total P) 
(Pierzynski et al., 2005) 
In alkaline soils, the solid phases most often considered are fluorapatite, 
hydroxyapatite, tricalcium phosphate, octocalcium phosphate, dicalcium phosphate and 
dicalcium phosphate dihydrate, listed in order of increasing solubility, while in acidic soils 
variscite and strengite are likely possibilities. 
 
 The amount of P in the soil solution depends on the soil pH and the activities of Al3+, 
Fe3+ and Ca2+. The different P forms have a wide range in solubility depending on the pH. At 
low pH, P is almost completely insoluble since it is fixed to Al3+ and Fe3+. In alkaline soils the P 
is strongly fixed by Ca2+
Figure 1.5
 (Tisdale et al., 1985). The P availability is generally the highest at a 





Figure 1.5. Effect of soil pH on the P availability (Stevenson & Cole, 1999)  
Organic soil phosphorus 
Organic P, i.e. P present as a constituent of organic compounds, ranges somewhere 
between 3% to 90% of soil P, depending upon the nature and management of the soil 
(Stevenson & Cole, 1999; Pierzynski & McDowell, 2005). High proportions of organic P can 
be found in soils where significant quantities of organic P are continually added to soil in 
plant, animal and microbial detritus (Condron et al., 2005) . Based on the nature of the P 
bond, soil organic P is classified into phosphate esters, phosphonates and phosphoric acid 
anhydrides (Turner et al., 2005). Normally, ortho-P associated with humic compounds 
through metal bridges is not classified as organic P. It can in general be stated that the 
organic P content of the soil closely follows the total organic matter content. Microbial 
decomposition of organic P results in the release of soluble organic P that, with time, is 
normally converted into a stable inorganic form of P (Pierzynski et al., 2005). The amount, 
forms and dynamics of organic P in the soil are determined by a combination of biological, 
chemical and physical conditions (e.g. pH, temperature and soil moisture), together with the 
history and the intensity of land use and associated levels of P input and removal from the 
system (Condron et al., 2005; Pierzynski et al., 2005). Organic P transformations in soil are 





ecosystem productivity (Condron et al., 2005). The amount of orthophosphate that is 
removed by plant or microbial uptake is continually replenished from the solid-phase to 
sustain plant growth, by a combination of desorption and dissolution of inorganic P and 
mineralization of organic P (Condron et al., 2005). 
Major Reactions of Phosphorus in Soils 
Soil P chemistry is exceedingly complicated (Figure 1.6). Generally P is added to soil, 
in the form of soluble fertilizers, but is relatively quickly transformed in an insoluble P form, 
a process sometimes termed P retrogradation. This explains the poor availability of P for 
plants despite potentially high total concentrations in the soil. The understanding of the P 
availability in the soil and the major reactions that control the solubility of P are very 
important in order to investigate the possibilities of P fixation in P saturated soils. 
 
Figure 1.6. Scheme of the major forms of P in  the soil (Minor & Stecker, 1993) 
P sorption and desorption  
Sorption and desorption reactions equilibrate with the soil solution. 
Orthophosphates can adsorb to the surfaces and edges of hydrous oxides, clay minerals and 
carbonates by replacing H2O or OH
- (Pierzynski & McDowell, 2005). The main phosphate 




collectively referred to as sesquioxides), organic complexes of Al and Fe, edges of silicate 
clays and calcite (Lair et al., 2009).   
 
Added inorganic P is adsorbed to a variable degree, i.e., weakly (electrostatically) or 
strongly through covalent bonding (chemisorption) onto variable charge surfaces (Lindsay, 
1979). The presence of Al and Fe oxides as small crystals and poorly ordered minerals 
increases the surface area which also increases P sorption (Parfitt, 1978; Li & Stanforth, 
2000). The specific surface area of poorly ordered Fe and Al hydroxides can be as high as 800 
m2 g- 1
 
, which is a factor 10 times higher than the specific surface areas of the corresponding 
crystalline forms (Lookman et al., 1995). Al and Fe oxides have a higher point of zero charge 
(generally between 7 and 10) which makes them positively charged over the whole pH range 
usually encountered in soils (Li & Stanforth, 2000). 
Desorption refers to the release of P from the solid phase into the solution phase 
(Stevenson & Cole, 1999). Desorption of P mostly occurs through ligand exchange reactions, 
which means that a decrease in the concentration of P ions in the soil solution, through e.g. 
plant uptake, and an increase in the concentration of competing anions will both shift the 
adsorption–desorption equilibrium towards enhanced desorption (Hinsinger, 2001; 
Pierzynski et al., 2005). Higher concentration of competing ligands is needed for effective 
ligand exchange as phosphate ions have a strong affinity to be adsorbed on the surface of 
positively charged minerals (Nagaraja et al., 1968; Kirk, 1999).  
Precipitation and dissolution of P  
Precipitation is the process where insoluble P is formed through the reaction of 
soluble, ionic P and Ca, Al or Fe. In acidic soils, due to the fact that the availability of 
hydrated Fe3+and Al3+ increases, P is precipitated mainly as Al and Fe phosphate minerals 
(Lindsay, 1979; Lindsay et al., 1989). In neutral or alkaline soils on the other hand, P ions 
mainly precipitate with Ca2+ and to a lesser extent with Mg2+
 
 (Lindsay, 1979; Hinsinger, 2001; 






The solubility of these phosphate minerals also varies depending on the pH of the soil 
and the availability of free metallic cations (Figure 1.7). As pH increases the solubility of Al 
and Fe phosphates increases due to the fact that Al and Fe precipitate as hydroxides and 
they are no longer decreasing the P solubility (Lindsay et al., 1989). In contrast, the solubility 
of calcium phosphate generally decreases with an increase in soil pH up to pH 8 and 
increases above pH 8 as the Ca2+
 
 activity is depressed in calcareous soils (Lindsay, 1979; 
Welch et al., 2002). Various phosphate minerals coexist in the pH range of 6-6.5 including 
variscite, strengite and brushite (Lindsay, 1979; Hinsinger, 2001).  
Figure 1.7. Soil pH and the solubility of some phosphate minerals. The concentration of H2PO4
- and HPO4
2- is 
given in moles expressed as log function (Hinsinger, 2001) 
 
Mineralization and immobilization of P  
Another important process in the regulation of P availability is mineralization and 
immobilization of P. The turnover of P via mineralization and immobilization processes is 
comparable to the N turnover. Mineralization refers to the microbially mediated 
decomposition of organic compounds, resulting in the release of inorganic forms of nutrients 
into the soil solution. Immobilization is defined as the conversion of mineral elements by soil 




microbial biomass (Pierzynski et al., 2005). The mineralization of organic P in the soil is 
closely related to the relative amount of C in the organic substrate, which acts as the energy 
source for the decomposing microorganisms. High C/P ratios provide substantial energy and 
stimulate microbial growth, thereby consuming all available P. Low C/P ratios can result in an 
excessive amount of available, soluble P, much more than the needed microbial biomass. 
This excess is then available for plant uptake, leaching or runoff (Stevenson & Cole, 1999; 
Pierzynski et al., 2005). 
 
The specific biochemical mechanisms in the conversion of organic to inorganic P in 
soils occurs through the production of extracellular phosphatase enzymes produced by plant 
roots, soil microorganisms and mycorrhiza. Enzyme production is believed to be related to 
the amount of bio available P in soils, increasing when soils become deficient in P, thereby 
explaining the cyclic pattern of P solubilization (Rodriguez & Fraga, 1999). There are 2 kinds 
of phosphatase enzymes in the soil that regulate the mineralization of organic P, namely acid 
phosphatase, which exhibits optimum activity in the pH range 4 to 6 and alkaline 
phosphatase, with pH optimum of 9 to 11 (Stevenson & Cole, 1999).  
Phosphate saturation and P leaching 
Phosphate saturation 
The risk of P leaching from a soil can be approximated by the phosphate saturation 
degree (PSD) (Van der Zee et al., 1990a). The PSD relates the sorbed P load of a soil to its 
phosphate sorption capacity (PSC). As P accumulates in a soil, the difference between the 
amount of sorbed P and PSC decreases and the soil loses its ability to remove additional P 
from the soil solution. Ultimately, the build-up of sorbed P relative to PSC augments 
equilibrium solution P concentrations to the point that P is readily removed in runoff and in 
leachate (Kleinman et al., 1999).  
 
The determination of the PSD according to Van Der Zee et al. (1990b) is based on the 
acid ammonium oxalate extraction. In acidic soils, the PSC is dominated by noncrystalline Al 
and Fe compounds (Freese et al., 1992). The PSD per soil layer of 30 cm, expressed in 
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The PSD of a soil profile is determined by calculating the average Pox and the average 
PSC (0.5(Alox + Feox)) of the three layers over a depth of 90 cm, or to the groundwater table 
if it is shallower than 90 cm. α is set at 0.5 and denotes the saturation factor, that is, the 
sorption strength of (Feox + Alox) for P. The value of α was calculated as the ratio between Pox 
and (Feox + Alox
 
) from a set of sandy soil samples pre-saturated with P in a laboratory 
experiment (Van der Zee, 1988; Koopmans et al., 2004b). 
The relation between the PSD of the soil profile and the amount of P which can be 
leached is described by a Langmuir equation (Van der Zee, 1988): 
 
𝑃𝑃𝑃𝑃𝑃𝑃 =  𝛾𝛾∙𝑘𝑘∙𝑐𝑐1+𝛾𝛾∙𝑘𝑘∙𝑐𝑐                                                           (1.2) 
 
Where γ = the ratio between the total and reversible sorption of P 
k = Langmuir constant (m³ mol-1) 
c = average phosphate concentration above the reference depth (mol l-1) 
 
Soils with a higher clay content have a higher P sorption capacity (Mozaffari & Sims, 
1994; Lookman et al., 1996) while sandy soils have a low sorption capacity (Van Den Bossche 
et al., 2005). Van der Zee et al. (1990a) formulated the relationship between the P 




groundwater (Figure 1.8). If an orthophosphate concentration of 0.1 mg L-1
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, at the base of 
the profile, is postulated as a lower limit for eutrophication, the PSD of the whole soil profile 
should be less than 24%. This relationship was developed for noncalcareous sandy soils 
where sorption of orthophosphate is dominated by metal oxides of Fe and Al (Van der Zee & 
Van Riemsdijk, 1988). 
 
Figure 1.8. Theoretical relation between PSD and ortho-P concentration in the soil solution (Van der Zee, 
1988) 
 
Modelling P leaching and transfer from the soil to surface water 
Although subsurface P transport is not the predominant loss pathway in most 
regions, there is increasing evidence of vertical P movement in soils when the P application 
exceeds the crop P removal over extended periods of time (Radcliffe & Cabrera, 2007; De 
Bolle et al., 2013a). The increasing P loss from agricultural soils together with a significant 
decrease in P loss from point sources implies that it is very important to understand the P 






In many of the large lowland areas of Northern Europe and some parts of North 
America, P leaching is considered as the dominant process of P losses (Heathwaite et al., 
2005; van der Salm et al., 2011). To determine the amount of P leaching from a field three 
important parameters must be known: the P distribution in the soil profile, the hydrology 
and the connectivity in the soil profile (Figure 1.9).  
 
Figure 1.9. Conceptual framework for P transport over and through the soil profile at field scale (Schoumans 
& Chardon, 2003) 
 
The excessive accumulation of P in the soil buffers the P in the soil solution despite 
changes in the management. Due to the buffering capacity of the soil, P leaching can 
continue for many years after initial detection of increased P concentrations, despite 
changes in management practices (Breeuwsma & Silva, 1992; Schoumans & Groenendijk, 
2000). P losses by leaching in sandy soils are strongly affected by the actual distribution of P 
in the soil profile and the P retention capacity (Schoumans & Groenendijk, 2000; van der 
Salm et al., 2011). An example of a simple P leaching assessment tool is the PLEASE model 
(Phosphorus LEAching from Soils to the Enivironment) developed by Schoumans et al. 
(2013). This model combines information on the actual P distribution in the soil profile with 
the hydrological pathways. PLEASE is based on the process description of the 
comprehensive, process based model STONE (Wolf et al., 2005) but is simplified to be used 




losses to the surface water using field characteristics such as the height of the groundwater 
table, the precipitation surplus, the soil P status and the P sorption capacity of the soil (van 
der Salm et al., 2011).  
 
Soil P status in Flanders and related legislation 
Flemish agriculture is amongst the most productive in Europe, with animal 
production representing a large proportion (60%) of the total agricultural production value 
compared to the EU-27 average of 47% (Platteau et al., 2012). The pig production in 
particular has evolved from small land dependent production to a specialized, large scale 
and land independent industry in some parts of the region (De Smet et al., 1998). The 
intensive animal husbandry and in particular the shift towards pig breeding resulting in a 
massive application of slurry has been mentioned as a main cause for increased P saturation. 
In Flanders an amount of 69.2 x 106 kg P2O5 was produced in 2011, of which 39% was 
produced by cattle, 46% by pigs, 13% by poultry and 2% by other animals (Gielis, 2012). The 
N/P rate of slurry typically ranges from 2:1 to 6:1, whereas the plant requirements rather 
range between 7:1 to 11:1. Since slurry application used to be calculated based on the N 
need of a crop an excess of P was built up (Smith et al., 1998). Mulier et al. (2003) reported 
that before 2000 the amount of slurry that was added to the soil was largely exceeding the 
crop N demand, namely an annual N surplus of 66 x 106 kg and a P surplus of 15.7 x 106 kg, 
which corresponds to 102.7 kg N ha-1 and 24.4 kg P ha-1
 
 for all agricultural land in Flanders. 
However, during the period 2000-2007 the amount of slurry added to the soil decreased, 
thereby decreasing the surplus for N by 46% and for P by 88%.  In the period 2007-2009, the 
decrease continued for N with 38% and there was even a deficit for P (Overloop et al., 2012).  
A first large scale survey, based on the protocol of Van der Zee et al. (1990a), of the P 
saturation of acidic sandy soils in Flanders was conducted from 1995 – 1997 (VLM, 1997). 
The results of the survey indicated that an area of 73 km2 had a PSD of more than 40% with a  
probability of 95%. According to legislative texts, they were classified as P saturated. An area 
of 608 km² was classified as P critical, having a PSD of more than 30% with a probability of 
95%.  In 2011 stricter criteria were enforced: a soil was legally classified as P saturated when 





legally classified as “P critical”, whereas soils with a PSD < 25% were categorized as not P 
saturated (Figure 1.10) (Van Meirvenne et al., 2008; Belgisch staatsblad, 2011).  
  
A study conducted over Flanders categorised an area of 158 km² in West-Flanders, 
420 km² in East-Flanders, 46 km² in Antwerp, 56 km² in Limburg and 1 km² in Brabant with 
PSD above 30% with a probability of 95% (VLM, 1997). De Smet et al. (1996) found that the 
average PSD in the top soil layer (0-30 cm) was 57% in West-Flanders, a region that is 
dominated by intensive agricultural production and livestock breeding. As a result of this 
dramatic situation with respect to P levels, progressively stricter P fertilization legislation has 
been implemented in order to reduce risks of P losses (Salomez et al., 2009). Similarly high 
soil test phosphorus and/or total soil P levels have been reported in other livestock 
production regions in Europe (Breeuwsma & Silva, 1992; Hooda et al., 2001), USA 
(Pierzynski, 1991) and Canada (Simard et al., 1994).   
 
Figure 1.10. Classification of the PSD for soils in Flanders with a probability of 95% (Source Van Meirvenne et 
al., 2008) 
The Nitrates Directive (2000/60/EG) forces the Flemish government to tackle the 
excessive accumulation and leaching of N into water bodies. To achieve a decrease in 
nutrient leaching and improve the water quality, several Manure Action Plans (MAP) have 
been enforced in Flanders since 1991, which also entailed a stricter legislation on the 
application of P fertilizers in an attempt to gradually reduce risks of P losses (Salomez et al., 
2009). In 2007, with the implementation of MAP3, a total P application limit of 100 kg P2O5 
for grassland and 95 kg P2O5
PSD (%)




this is still more than most crops require and hence may result in additional P build-up. More 
severe P limitations of 40 kg P2O5 ha
-1 are in force only on a very small area (0.84%) of soils 
with extreme P saturation. The latest MAP, MAP4, which is enforced from January 1st
 
 2011 
imposes stricter rules for P application on all agricultural land, which should ultimately result 
in a general mining of P from 2017 onwards.  
Objectives 
The European Union aims to improve the water quality in its member states, through 
a.o. the Nitrates Directive (91/676/EEC) (Anonymous, 1991b) and the Water Framework 
Directive (2000/60/EG) (anonymous, 2000). Recently, the focus of the European Union is 
shifting towards the role of P in eutrophication, created by a surplus of P in surface waters. 
To tackle eutrophication, it is necessary to have strict legislations in the member states in 
terms of P inputs to surface waters. This study focuses on a number of management options 
to reduce P leaching from the soil to decrease the environmental pressure. In this way 
intensive agriculture on soils with a high P content without causing more eutrophication risk 
could be possible. This study has three main hypotheses (Figure 1.11). 
 
The first hypothesis was “The legislation in place between 1999-2010 has been 
effective in stabilizing or decreasing the PSD level of agricultural soils”. This hypothesis links 
to the first two objectives. A first objective was to quantify the evolution of the soil PSD 
levels in a number of representative agricultural fields in Flanders between two sampling 
periods separated by almost a decade (Chapter 2). The second objective was to identify 
critical areas in terms of P leaching in Flanders by using the PLEASE model (i.e. including the 
hydrological conditions of the field) and to see whether the model can be used for legislative 
purposes (Chapter 3).  
 
In the critical areas for P leaching mentioned above, the priority should be to prevent 
(further) leaching of P into the subsoil and the ground- and surface water. Our second 
hypothesis therefore was “excessive P leaching in P saturated soils can be efficiently reduced 
by adding amendments with P fixation capacity to the soil”. This hypothesis is connected to 





wide variety of potential amendments in a P saturated soil (Chapter 4). The second objective 
was to quantify the reduction in P leaching of this selection of most efficient amendments on 
six soils with different P content and PSD (Chapter 4).  
 
Environmental problems in terms of P leaching are significantly reduced if the P can 
be fixed in the soil. This is only one part of the solution since an answer has to be found to 
deal with the fixed P. One way is mining of P, but another possibility is to convert the P into a 
form available to plants by e.g. phosphate solubilizing bacteria (PSB). This leads to the third 
hypothesis “PSB are able to solubilize P under high P conditions” (Chapter 5), thereby closing 
the cycle of the excess P in the soil and creating a solution beneficiary both for agriculture 
and the environment (Chapter 6).  
 
 





Rapid redistribution of P to deeper soil layers  







Illustration on p. 21:  




























This chapter has been published in : 
De Bolle S., De Neve S. & Hofman G. 2013. Rapid redistribution of P to deeper soil layers in P 






Problems of excessive soil phosphorus (P) levels as a result of intensive agriculture 
are found in many regions in (Western) Europe, USA, Canada, New Zealand. This may lead to 
phosphorus leaching in soils with low P binding capacity. However, little is known about the 
evolution of P saturation degree (PSD) of such soils over time. Between 1995 and 2005 an 
intensive inventory of the PSD status of acidic sandy soils in Flanders was conducted, the 
results of which were used to enforce strict rules on P fertilizer inputs on P saturated soils. A 
new, smaller survey on a selection of these fields was performed during 2009 and 2010. A 
comparison of the survey results showed that the mean PSD had increased significantly from 
46% to 59% over this period. Evidence was found for a strong shift of the PSD from the 
upper to the lower layers. The PSD level in the top layer (0-30 cm) generally increased 
significantly (p<0.01) from 83% to 91%. The average increase in the PSD level of the 30-60 
cm and 60-90 cm layer was even larger, from 33% to 55% and from 14% to 25%, respectively 
(p<0.01). Apparently, the current limits on P fertilizer application have not yet resulted in P 
mining in these soils and will thus need to be further restricted. The very clear increase in 
PSD movement in deeper layers shows that these high PSD soils pose a very serious and 







In natural ecosystems, phosphorus (P) is commonly a limiting nutrient for plant 
growth. Therefore it is generally recycled and retained efficiently (Sinaj et al., 2002). 
Contrary to natural ecosystems, agricultural ecosystems are managed more intensively, 
often resulting in a nutrient build-up in soils, including a build-up of P. The use of food 
concentrates and modern technologies enables to maintain high livestock densities in many 
agricultural areas which implies more manure production, which is eventually returned to 
the field (Del Campillo et al., 1999). The excessive use of manure together with the use of 
mineral fertilizers has led to an over application of P fertilizers since the P input exceeds the 
P output (Neyroud & Lischer, 2003). This imbalance between P inputs and outputs can result 
over time in excessive P accumulation in the soil and increases the likelihood of P transfer 
from the soil to ground- and surface water (Haygarth et al., 1998).  
 
Unlike nitrogen, leaching of P has traditionally not been viewed as a major 
groundwater problem. The leaching of P through the soil by matrix flow has generally been 
considered to be of little significance as a loss pathway for P, because of the normally strong 
adsorption of phosphate on the surfaces of reactive minerals in the soil (Indiati, 2000). In 
many soils, abundant P sorbing oxide components in surface horizons and subsoils keep 
leachate P levels well below eutrophication thresholds (Elliott et al., 2002).  
 
The susceptibility of P leaching of an acidic sandy soil can be determined by the 
phosphate saturation degree (PSD) (Van der Zee et al., 1990a). The PSD relates the sorbed P 
load of a soil to its phosphate sorption capacity (PSC). As P accumulates in a soil, the 
difference between sorbed P and PSC decreases, thereby causing the soil to lose its ability to 
remove additional P from the soil solution. Finally, the build-up of sorbed P relative to PSC 
augments equilibrium solution P concentrations to the point where P is readily removed in 
runoff and in leachate (Kleinman et al., 1999). Calculation of the PSD is explained in chapter 
1. Many soils in Flanders are acidic sandy soils which, in combination with the high to very 
high soil P fertility, makes them susceptible to P leaching (Van Den Bossche et al., 2005). 
Repeated excessive P applications in these soils result in a displacement of phosphates 






As a result of this dramatic situation with respect to P levels, stricter legislation for 
application of P fertilizers has been implemented gradually in an attempt to reduce risks of P 
losses (Salomez et al., 2009). However, if this stricter legislation is effective in decreasing or 
at least stabilizing the PSD levels has until now not been investigated. The aim of this study 
was to compare the PSD as assessed in the recent past (2001-2005) with the current (2010) 
PSD, thereby investigating whether changes in addition of P fertilization (up to 2009) had an 
impact on the P status of these soils (both in time and in the P distribution with depth), and 
in what way the risk for P leaching losses was evolving. 
Materials and methods 
Land use and P management practices 
The sandy to sandy loam soil region of the province West Flanders (Belgium) was 
chosen as study area. The soils in this region are mainly classified as Eutrudepts or 
Humudepts according to Soil Taxonomy (Soil Survey Staff, 2010) or Terric Cambisols 
according to the world reference base for soil recourses (WRB)(WRB, 2006). Between 2001 
and 2005 a survey of the PSD was conducted in West Flanders, the results of which will be 
referred to as sampling1 (Table 2.1) and the corresponding PSD and Pox values from this 
survey will be referred to as PSD1 and Pox1. During 2009 and 2010, 21 of these fields were 
resampled and analysed again for the PSD, the results of which will be referred to as 
sampling2. The corresponding PSD and Pox values will be referred to as PSD2 and Pox
 
2. All 
selected fields had remained under agricultural management between both sampling 




















Municipality Crops Dimensions of 
the field (ha²) 
1 Loamy sand 2001 2010 Dentergem Pasture 1.00 
2 Sand 2001 2009 Oostkamp Pasture 1.50 
3 Sand 2001 2010 Wingene Pasture 1.27 
4 Sand 2001 2009 Oostkamp Pasture 1.44 
5 sand 2001 2010 Oostkamp Pasture 1.60 
6 sand 2001 2010 Oostkamp Pasture 1.03 
7 sand 2001 2010 Wingene Pasture 1.60 
8 sand 2001 2009 Oostkamp Pasture 2.00 
9 sand 2001 2010 Wingene Arable (maize) 0.50 
10 sand 2001 2010 Wingene Arable (maize) 0.40 
11 sand 2001 2010 Wingene Arable (maize) 0.35 
12 Loamy sand 2001 2010 Dentergem Arable (maize) 1.00 
13 Loamy sand 2002 2010 Dentergem Arable (maize) 1.90 
14 sand 2002 2009 Oostkamp Arable (maize/potatoes) 0.32 
15 sand 2002 2010 Oostkamp Pasture 0.75 
16 sand 2003 2009 Oostkamp Arable (maize/potatoes) 0.40 
17 sand 2003 2010 Oostkamp Pasture 1.25 
18 sand 2003 2009 Oostkamp Pasture 1.25 
19 sand 2005 2010 Zwevezele Arable (vegetable) 0.72 
20 sand 2005 2010 Zwevezele Arable (vegetable/maize) 1.31 
21 sand 2005 2009 Oostkamp Pasture 1.00 
 
Soil sampling and analysis 
During January and February of 2009 and 2010, the fields were resampled. Each field 
was sampled to a depth of 90 cm in layers of 30 cm. The sampling was done by randomly 
taking between 20 and 50 samples with an auger in a cross pattern over the whole field. All 
auger samples of a 30 cm layer were mixed to yield one composite sample per depth and per 
field. After further homogenization in the laboratory, the soil samples were air-dried and 
sieved on a 2 mm mesh sieve.  
 
The soil texture was determined according to the pipette method (Gee & Bauder, 
1986). The pH-KCl was measured potentiometrically in a 1:2.5 soil:KCl extract. The Pox, Feox 
and Alox were determined following an extraction with ammoniumoxalate-oxalic acid 
(Schwertmann, 1964). Quantification of the Pox, Feox and Alox
 
 in the extracts was done by ICP 
(ICAP 6000 series, Thermo scientific). The PSD was determined following equation 1.1, 






Paired sample t-tests were used to detect significant differences between the results 
of sampling 1 and sampling 2 using the statistical software PASW 20 package (SPSS version 
PASW 20, SPSS Inc., USA).  
Results 
Evolution of profile average PSD  
The PSD1 ranged from 19.3% (for field 1) to 70.2% (for field 21), the PSD2 ranged 
from 21.7% (again for field 1) to 87.9% (for field 17) (Figure 2.1). Surprisingly, the profile 
average (0-90 cm) PSD2 was considerably larger than the profile average PSD1 (58.9% and 
46.5%, respectively). Pairwise comparison of the PSD per field for all fields with a paired 
sample t-test indeed showed that the PSD2 was significantly (p<0.01) larger than the PSD1.  
 
When the time interval of the first sampling was further subdivided into the period 
2001-2002 and 2003-2005, we observed significant differences (p<0.05) between PSD1 and 


































Figure 2.1. The profile (0-90 cm) average phosphate saturation degree (PSD) (%) for both sampling campaigns 
(sampling 1, between 2001-2005 and sampling 2, between 2009-2010) at 21 sites according to ascending 
PSD1 value 
Evolution of PSD with depth 
In the 0 to 30 cm layer PSD1 varied between 25.7% (field 1) and 122% (field 20), and 
PSD2 varied between 26.3% (field 1) and 119% (field 18) (Figure 2.2), confirming the 
excessively large PSD values found in this region in the past. A paired t-test showed a small 
but significant difference (p<0.01) in the average PSD between both sampling campaigns. 
However, a paired t-test showed no significant difference between Pox1 and Pox Figure 
2.2
2 (
). This implies that the significant difference in PSD is not caused by an increase in Pox but 
by a decrease in PSC, which is explained by a decrease in Feox (namely Feox2 is 6.57% lower 
in comparison with Feox
  
1). 
The average PSD1 in the 30-60 cm and the 60-90 cm was 33.5% and 14.3% 





the 30-60 cm and 60-90 cm layer was 55.2% and 24.7% respectively (range 19.8% to 86.3% 
and 10.8% to 42.2% respectively) (Figure 2.3 and Figure 2.4). In the 60 to 90 cm layer of field 
11 PSD2 was 7 times larger than PSD1. This measurement was considered as an outlier and 
removed for further calculations. The paired t-test showed a significant (p<0.01) increase in 
PSD in both layers between sampling1 and sampling2. Also Pox2 was significantly (p<0.01) 
larger than Pox Figure 2.31 in both layers (  and Figure 2.4). The increase in PSD in both the 30 
to 60 cm and 60 to 90 cm layers was mainly caused by an increase in Pox, and to a lesser 
extent by a decrease in the PSC (decrease in Feox
















































Figure 2.2. The phosphate saturation degree (PSD) (%) and the Pox (mmol P kg
-1 soil) for both sampling 
campaigns for the 0-30 cm layer 
 



























Figure 2.3. The phosphate saturation degree (PSD) (%) and the Pox (mmol P kg
-1 soil) for both sampling 
campaigns for the 30-60 cm layer 











































































Figure 2.4. The phosphate saturation degree (PSD) (%) and the Pox (mmol P kg
-1 soil) for both sampling 
campaigns for the 60-90 cm layer 
 
Discussion 
Evolution of the profile average PSD 
In general, and taking into account the critical value of 24% for P saturation, the PSD 
values observed in this study were excessively high. Even with the higher critical value for 
PSD of 35% used in Flanders, only 4 fields were below this limit in sampling1, and only 1 field 
in sampling2. The largest increases in PSD were observed for fields where the PSD1 was 
already very large (i.e. for fields with PSD1 between 43% and 59%). This was not expected 
since fields with a high PSD1, were already under severe P fertilizer restrictions (located in an 
area classified as P saturated). The rules for application of P fertilizers pertain to combined 
organic and inorganic P inputs on soils with PSD > 40% (PSD > 35%, since 01/01/2011), and 
are based on a nutrient balance approach: a maximum of 40 kg P2O5 ha
-1
Table 2.2
 can be applied on 
these soils, which is far below crop P removal for most crops ( ) (Salomez et al., 
2009). Since, the largest increase was found in soils which had already a PSD1 > 35%, this 
suggests that current restrictions for P fertilizers on these soils are either not sufficient or 
not implemented effectively. However, an increase in the potential of P leaching can also 
occur through P redistribution in the soil without having any additional P input. Even in a 





higher PSD. This P ends up in layers with smaller Feox and Alox 
 
concentrations, hence lower 
PSC, resulting in an increase in the potential of P leaching. Due to the current fertilisation 
rules and the enforcement of even stricter rules in the future in order to reduce 
eutrophication, common management practices of intensive agriculture on these fields may 
become impossible. 
Table 2.2. Average crop yield and export of phosphorus by a number of important agricultural crops 
(Salomez et al., 2009) 
 D.M. (kg ha
-1
) ‰ P kg P ha
-1
 kg P2O5 ha
-1
 
Grass 12000 4 48 110 
Maize : cobs 8000 2.5 20 46 
green parts 8000 1.75 14 32 
Sugar beet : beets 15000 1.75 26 59 
Leafs 6000 3.25 20 46 
Winter Wheat: grain 7500 4 30 69 
Straw 6500 1.5 10 23 
Potatoes 12000 2.25 27 62 
 
 
All the fields in this study have been under a comparable (intensive) agricultural 
management between the 2 sampling events. Notwithstanding the fact that a general 
increase in PSD was noticed between sampling1 and sampling2, a small decrease in PSD was 
observed for a limited number of fields (6, 13, 19, 20). Although this decrease between 
individual fields cannot be demonstrated statistically given the experimental set-up, it 
suggests that a reduction in P status of these P rich acidic sandy soils should indeed be 
possible, even under the current intensive agricultural management. The reasons underlying 
any differences in PSD evolution between individual fields was not within the scope of this 
study, but are undoubtedly linked to differences in the  adoption of correct (P) fertilizer 






Evolution of PSD with depth 
The profile (0-90 cm) average PSD is used as a measurement of the P leaching risk in 
the protocol of Van Der Zee et al. (1990a). However, it is also important to consider the 
distribution of PSD for each soil layer separately. A high PSD in the 0 to 30 cm layer, in 
combination with low PSD in the 30 to 60 cm and 60 to 90 cm layers is less problematic, 
since crops will more easily deplete the P available in the topsoil. Therefore accurate 
assessments of P leaching in a sandy soil must incorporate P status and P sorption capacity 
of the entire soil profile and not just the surface horizons (Nelson et al., 2005). In the current 
study only a small (although significant) increase of the PSD in the topsoil was observed. This 
would suggest that P application was more or less in balance with crop P uptake and no 
additional P accumulation occurred. However, the PSD in both the 30 to 60 cm and 60 to 90 
cm layers increased drastically and significantly. Since P additions occur only in the top layer, 
the only explanation for the increase of Pox and PSD in the deeper soil layers is a transfer of P 
from the top layer, which is consistent with the largest increase in PSD in the 30 to 60 cm 
layer. Since P concentrations in the top layer increased only slightly, but P concentrations in 
the deeper layers increased drastically, the conclusion is that P fertilization in the period 
covered was still in excess of crop requirements. These observations have dramatic 
implications, because it shows that P leaching in these P saturated acidic sandy soils is much 
faster than previously thought in Flanders, and poses a severe threat to the groundwater 
even in the short term. Moreover, any P leached below the top layer will be much more 
difficult to mine by crops and the mining will take more time (Koopmans et al., 2004b). 
Nelson et al. (2005) found that vertical P movement after excess P additions was observed in 
P saturated soil horizons, indicating that up to 50% of P leached out was found deeper than 
45 cm in a sandy soil. They also found that P leaching in P saturated soils continued even 
when P additions stopped, thereby demonstrating the need to consider long-term leaching 
losses when calculating potential environmental impacts of P loss from agricultural soils with 
low P sorbing capacity (Nelson et al., 2005). The PSD in the top layer is between 80%  and 
100% which corresponds with an ortho-P concentration of 1 to 15 mg P L-1 Figure 1.8 ( ), if the 
net precipitation surplus is 300 mm y-1 a P loss of 3 to 45 kg P ha-1 year-1 or a loss of 7 to 100 
kg P2O5 ha
-1 year-1 can be found. This indicates that in these soils the total P loss can even be 






The downward movement of Fe observed here was unexpected because Fe is not 
seen as a mobile element. However, this is in agreement with the findings of Zhang et al. 
(2003) and Siemens et al. (2004, 2008). They found that excessive P application altered the 
charge characteristics of sandy soils, thereby changing the stability of iron oxides in the soil 
solution and accelerating the transport of colloidal iron oxides out of the soil. Their study 
showed that the concentration of Fe that moves downward is significantly affected by the 
rate of phosphate application. Since the investigated soils in our study received an over 
application of P fertilizers during decades, the downward movement of Fe can be explained 
by these findings. This downward movement of Fe causes another obstacle in combating the 
environmental problem of eutrophication.  
Conclusions 
This study confirms the very large PSD of intensively managed acidic sandy soils in 
Flanders. It shows that PSD has continued to increase over the past 5-10 years, despite 
stricter fertilizer legislation. Surprisingly, the strongest increase in PSD is observed in the 
deeper soil layers (notably 30-60 cm) rather than in the top 30 cm. This can be explained by 
P redistribution to deeper soil layers where the Feox and Alox concentrations are lower. This 
shows that P leaching in these acidic sandy soils is probably faster than previously assumed 
and puts a severe threat to groundwater quality in the near future. Our measurements thus 
indicate that current P fertilizer restrictions are either not strict enough or, more likely, are 
not sufficiently implemented in practice. This will probably lead in the near future to even 
stricter P fertilizer restrictions such as zero-application of P on fields with very high PSD, 
which may impair soil quality through severe restrictions on organic matter application. As 
mining by crops is a very slow process, due to hysteresis effects and the non-linear 
relationship between Pox and the P concentration, it will also be necessary to seek 
alternative strategies for avoiding further P leaching such as soil amendments that increase 









Prediction of phosphorus losses in Flanders with 
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A paper with the results of this chapter is in preparation : 
Prediction of phosphorus losses in Flanders with the PLEASE model, comparison between 






Up to date all investigations and policies in Flanders in terms of P saturation of 
agricultural fields have been done according to the PSD concept (Van der Zee et al., 1990a), 
whereby a soil was legally classified as P saturated when a field had a PSD > 40% and from 
2011 onwards a PSD > 35%. The PSD is a good indicator in terms of the P amount in the soil, 
but is a poor indicator for taking into account the hydrological effects of the soil on the risk 
of P leaching. A cost effective instrument to evaluate whether the imposed restrictions had 
the desired result is necessary. In the Netherlands a P leaching assessment tool, namely the 
PLEASE model has proven to be an efficient instrument in identifying critical fields/areas for 
P leaching, and is used here on the acidic sandy soils in Flanders. 
 
In this study, the PLEASE model was run on three datasets to investigate the 
applicability of using the model in Flanders. First it was investigated how many soil data 
layers where optimal to use. Secondly, a sensitivity analysis of PLEASE was performed. 
Finally, the classification of P saturated fields was compared with the current classification 
based on the PSD, thereby evaluating the best technique to identify critical areas in terms of 
P leaching.  
 
It is most optimal to use four layers in the PLEASE model, since in Flanders the 60-90 
cm can contain also high amounts of P which are otherwise not fully included in the model 
results. The sensitivity analysis indicates that the model has a high sensitivity for Pw
 
 and for 
the net precipitation (NP), therefore it is important to have optimal data for these 
parameters. Finally, an important difference is found between the classification of the fields 
in terms of P saturation between PSD and PLEASE, indicating that due consideration of the 







In flat areas with shallow groundwater levels, P loss by leaching through soils 
contributes significantly to the P loads of streams (van der Salm et al., 2011; Schoumans et 
al., 2013). For a cost-effective implementation of measures to tackle P leaching, practical 
instruments are needed to identify areas which are most critical (Kronvang et al., 2005).  
 
To assess the risk of P leaching, a simple risk indicator, the phosphate saturation 
degree (PSD) was developed in the eighties (Van der Zee et al., 1990a; Van der Zee et al., 
1990b; Schoumans et al., 2013). The PSD has been used to delineate the potential source 
areas for increased P leaching. The PSD is an indicator of potential risk but gives no 
information on actual P loss to streams (Schoumans et al., 2013). A large scale survey in 
Flanders was done in 1995-1997 to classify acidic sandy soils according to their PSD (Figure 
1.10 and also chapter 1 and 2)(VLM, 1997).  
 
To make an estimate of the P loss to surface waters it is necessary to also incorporate 
the water flows in soil and groundwater. Several approaches and models are used to 
estimate P loss from land to surface waters, but these methodologies mainly focus on P 
losses by surface runoff as the contribution of P loss by leaching is difficult to predict 
(Radcliffe et al., 2009; Schoumans et al., 2013). However, much progress has been made in 
recent years to deterministically model P leaching (Radcliffe et al., 2009; van der Salm et al., 
2011). Such models often require extensive parameterization and have a high demand for 
data input which are seldom available (Wolf et al., 2005; Schoumans et al., 2009; van der 
Salm et al., 2011). Practical mitigation planning requires simple tools that assess the risk of P 
leaching on the basis of readily available data (van der Salm et al., 2011). An example of such 
a tool is the P index, used e.g. in the United States, Norway,… (Lemunyon & Gilbert, 1993; 
Bechmann et al., 2005), which ranks fields according to their vulnerability to P losses by 
various transport processes (Sharpley et al., 2003; van der Salm et al., 2011). 
 
P losses by leaching in sandy soils are strongly affected by actual distribution of P in 
the soil profile and the P retention capacity (Schoumans & Groenendijk, 2000; van der Salm 





(recently applied P and the P content in the soil solution), the rainfall intensity and duration 
(water resources) and drainage characteristics of the field which influence the water flow 
within a field (Schoumans et al., 2013).  A simple P leaching assessment tool (Phosphorus 
LEAching from Soils to the Environment, PLEASE) was developed to combine information on 
the actual P distribution in the soil profile with the hydrological pathways of P movement 
(van der Salm et al., 2011; Schoumans et al., 2013). PLEASE is based on STONE, a 
comprehensive, process-based model (Wolf et al., 2005), but is simplified and requires only a 
limited amount of available data (van der Salm et al., 2011). PLEASE calculates P leaching 
losses that reach surface waters via lateral groundwater flow using field characteristics such 
as the height of the groundwater table, the precipitation surplus, the soil P status and the P 
sorption capacity of the soil (van der Salm et al., 2011).  
 
In Flanders P saturation is assessed with the PSD concept developed by Van der Zee 
et al. (1990a). This method gives the potential risk for P leaching of a field, thereby only 
taking the hydrological conditions into account when the GWT is shallower than 90 cm. The 
PLEASE model includes the hydrological conditions and gives a prediction of the real P loss 
per field. In this study results of the PLEASE model were compared with results based on the 
PSD concept to investigate if a field had the same classification in terms of P saturation with 
both methods and thereby evaluating the importance of including the hydrological 
conditions in the P leaching risk evaluation. The PLEASE model was chosen because it is easy 
to use, needs a limited amount of data input parameters and has already proven to work 
effectively in The Netherlands under similar conditions as in Flanders. Therefore the model 
was run on three datasets using 21 fields (small dataset) over 105 fields and finally 2683 
fields (large independent dataset).  
Materials and methods 
Model description  
PLEASE is a simple static model designed to predict P leaching from the field to 
surface waters based on the relation between the amount of adsorbed P in soils and the P 





waters (van der Salm et al., 2011). The water flow is assumed to be mainly horizontal 
because the ratio between the field size and the drainage length is much greater than the 
depth of drainage in the saturated zone (Kirkham, 1958; De Vries, 1975; Schoumans et al., 
2013). The P lost from a field to the surface water is determined by the depth of the profile 
of soluble P concentrations in the soil and the lateral water flow with depth during the year: 
 
         𝑷𝑷𝑨𝑨𝒐𝒐𝒍𝒍𝒍𝒍 =  𝝋𝝋∫ ∫ 𝑪𝑪(𝒐𝒐, 𝒕𝒕) ∙ 𝑱𝑱(𝒐𝒐, 𝒕𝒕)𝒍𝒍𝒕𝒕𝒍𝒍𝒐𝒐𝒕𝒕𝟎𝟎𝒐𝒐𝟎𝟎                               (3.1) 
 
in which Pload is the P loss by leaching from the field to surface water (kg ha
-1 yr-1), 
C(x,t) is the P concentration as function of time (t) and depth (x) in the soil profile (g m-3), 
J(x,t) is lateral water flux (m yr-1), and ϕ is the conversion factor from g m-2 yr-1 to kg ha-1 yr-1
 
. 
Monitoring of the P concentration in the soil solution in the field as a function of 
depth is time-consuming (Schoumans et al., 2013). As an alternative P concentrations can be 
calculated based on P accumulation in the soil. The ortho-P concentration in the soil solution 
is buffered by the amount of P accumulated in soils, which is described by a fast reversible 
adsorption reaction at the surface of soil particles (Q) and a slow diffusion precipitation 
reaction into the soil particles (Sd). The P in the Sd
 
 pool is strongly bound, compared to the P 
in the Q pool, and is considered as irreversibly bound P (Van der Zee & Van Riemsdijk, 1986a; 
Van der Zee & Van Riemsdijk, 1986b; Van der Zee & Van Riemsdijk, 1988; Freese et al., 1995; 
Barrow, 2008). These studies also showed that the distinction between reversible and 
irreversible bound P explains the well-known hysteresis effect of phosphate sorption and 
desorption (Schoumans et al., 2013). The P equilibrium concentration in the soil solution can 
be calculated by the sorption and desorption characteristics using the Langmuir isotherm, 
(Schoumans et al., 2013):  
     𝑪𝑪 = 𝑸𝑸
𝐊𝐊 (𝑸𝑸𝒎𝒎−𝑸𝑸)          (3.2) 
 
where C is the P equilibrium concentration in solution (mol m³); Qm is the adsorption 
maximum (mmol kg-1); Q is the amount of adsorbed P (mmol kg-1) and K is the Langmuir 






For non-calcareous sandy soils Qm is related to the total amount of oxalate-
extractable Al and Fe (Qm = β (Alox + Feox)) (Van der Zee, 1988), with β the Langmuir affinity 
constant depending on the soil type. The actual amount of reversible P (Q) in soils is in 
principal determined using the Fe impregnated method (Van der Zee et al., 1987). However, 
this is a rather complex and time consuming method and since Q is strongly related to the 
amount of water extractable P (Pw
 
) following formula can be used (Schoumans & 
Groenendijk, 2000): 
  𝑷𝑷𝒘𝒘 = 𝟏𝟏𝟏𝟏𝟏𝟏.𝟒𝟒𝟒𝟒 𝑪𝑪𝑭𝑭 �𝟏𝟏 − 𝟎𝟎.𝟎𝟎𝟎𝟎𝟏𝟏𝟒𝟒𝟒𝟒𝑭𝑭−𝑲𝑲 𝒌𝒌𝒍𝒍 𝜷𝜷 (𝑨𝑨𝑨𝑨𝒐𝒐𝒐𝒐+𝑭𝑭𝑭𝑭𝒐𝒐𝒐𝒐)�𝟏𝟏− 𝑲𝑲 𝑪𝑪𝑭𝑭𝟏𝟏+𝑲𝑲 𝑪𝑪𝑭𝑭� 𝒕𝒕 𝝀𝝀�    (3.3) 
 
in which Pw is the amount of water extractable P (mg P2O5 L
-1) (Pierzynski, 2000), Ce 
is the P equilibrium concentration in soil solution (mg L-1), K is the Langmuir affinity constant 
(m³ mol-1), kd is the Langmuir desorption rate (per day), t is the reaction time (day
-1
  
) and λ is 
the conversion factor related to the soil solution ratio of the experiment. 
The model is based on the fact that the parameters Pw, Alox and Feox (possibly also 
Pox) were determined for two soil layers. These soil layers are the plough layer and the layer 
underneath. The plough layer (D1 
Figure 3.1
is the boundary line at 30 cm depth, in this study) is 
assumed to be homogeneous, due to soil tillage, and thus the P concentration is assumed to 
be constant over the entire layer ( ). This implies that the upper limit of the soil 
layer beneath the plough layer has the same P concentration as the plough layer 
(Schoumans et al., 2008). 
 
If for the soil layer under the plough layer (between D1 – D2) the Pw, (Pox), Alox and 
Feox are determined, the average P concentration can be calculated for this soil layer 
together with the average amount of phosphate that is easily soluble (Q2). However it is not 
plausible that the measured average P concentration is homogenous for the whole depth, 
since this layer is not tilled. Because P is highly sorbed to soil, a rather sharp front can be 
expected in soil columns and lysimeters, but, at field scale, the front will become more 





the amount of sorbed P (Q) will reduce exponentially with depth (Schoumans et al., 2013) 
(Figure 3.1). At the bottom of the soil profile, set at 1 m below the lowest ground water 
height, the adsorbed P is assumed to be in equilibrium with the (natural) background 
concentration in the shallow aquifer (van der Salm et al., 2011).  
 
Figure 3.1. Schematic overview of the phosphate concentration profile in function of the depth            
(Schoumans et al., 2008) 
The PLEASE model calculates water fluxes from field to surface water based on data 
of annual net precipitation surplus, annual water fluxes (upwards or downwards), and long-
term upper and lower height of the groundwater table during the year. It is assumed that 
the sum of the annual net precipitation surplus and upward water fluxes (or minus the 
downward water fluxes) for the soil layer down to 1 m below the drainage level of the 
deepest local drainage system will be drained to local trenches and ditches. The distribution 
of the lateral water fluxes with depth is based on duration curves of groundwater height 
(Van der Sluijs, 1982). In a groundwater system there are several time scales in which water 
will reach a certain point, the duration for the nutrients in the groundwater is the same as 
for the groundwater itself. Therefore depending on the route the groundwater follows it will 








Figure 3.2. Representation of the groundwater system with the different duration heights of the 
groundwater (anonymous, 2013) 
 These curves provide information on the period during which a certain groundwater 
height is exceeded during the year based on observations of the mean highest and mean 
lowest groundwater height. In PLEASE, a deep (ditches) and a shallow drainage system 
(trenches) is considered. The magnitude of the drainage flux (qdr
 
) , occurring when the water 
table is at a certain depth (z), is derived using a linear relation between fluxes, groundwater 
height, and the depth of the two drainage systems (van der Salm et al., 2011):  
              𝒒𝒒𝒍𝒍𝒅𝒅 = 𝟏𝟏𝟎𝟎 �𝐦𝐦𝐦𝐦𝐦𝐦�𝟎𝟎,𝒛𝒛−𝒉𝒉𝒍𝒍,𝟏𝟏�𝒅𝒅𝟏𝟏 + 𝐦𝐦𝐦𝐦𝐦𝐦�𝟎𝟎,𝒛𝒛−𝒉𝒉𝒍𝒍,𝟒𝟒�𝒅𝒅𝟒𝟒 �    (3.4) 
 
with hd,1 and hd,2, the depth of the deep and shallow drainage system (cm below 
surface), respectively; r1 and r2 the corresponding drainage resistance of the shallow and the 
deeper drainage system, respectively, and 10 is the conversion factor from cm d-1 to mm d-1. 
When data on the drainage levels and resistances are not available, hd,1 is assumed to be 
equal to the mean highest groundwater level, and hd,2 is set to the groundwater level that is 
exceeded 6 months of the year. The drainage resistance (r) can be assessed using the 
equation given by Ernst (1962) by summing vertical, horizontal, radial and entrance 
resistance. At the field scale, the radial and entrance resistance represent the major part of 





linear relationship between the resistance of the drains and their distances. The data in 
Ernst’s study (Ernst, 1978) indicated that the drainage resistances can be iteratively solved 
by assuming that r2 = 1.2 r1 Figure 3.3(van der Salm et al., 2011) ( ). 
 
 
Figure 3.3. Schematic illustration of the drainage flux (qdr in m day
-1) as a function of groundwater level and 
two drainage systems (hd,1, depth of the local ditch and hd,2 depth of the local trench)                                   
(Schoumans et al., 2013) 
 
 
Van der Salm et al. (2011) stated that the duration curves for groundwater depth are 
valid for 11 months of the year. In the remaining part of the year, the groundwater depth 
may exceed the predictions made by the curve. To account for runoff and leaching occurring 
in very wet conditions, an exponential relationship between runoff/leaching and the mean 
highest groundwater height (MHG) is used: 
 
      𝑸𝑸𝒅𝒅𝒐𝒐 = 𝟓𝟓.𝟎𝟎 + 𝟒𝟒𝟓𝟓.𝟎𝟎𝑭𝑭−𝟎𝟎.𝟎𝟎𝟏𝟏𝟓𝟓 𝑴𝑴𝑴𝑴𝑴𝑴      (3.5) 
 
where Qro is the runoff/leaching flux (mm yr
-1). The runoff/leaching flux is equally 
distributed from the surface to the depth of the MHG. According to this function, annual 
runoff/leaching varies between 5 mm at a deep MHG and 50 mm at a shallow MHG (van der 






To run PLEASE, data on soil properties, P concentration in deep groundwater, and soil 
hydrology are necessary (Table 3.1). 
 
Table 3.1. Overview of the soil related and hydrological inputs in the PLEASE model 
Soil inputs Hydrological inputs 
Langmuir sorption parameter K Mean highest groundwater height MHG 
Langmuir desorption parameter k Mean lowest groundwater height d MLG 
Maximum adsorption fraction Β Resistance of shallow drainage system r
Resistance of drainage 
1 
ξ Resistance of deeper drainage system r
Bulk density 
2 
ρ Depth of the deep drainage system b h
Oxalate extractable Al and Fe 
d,1 
Alox + Fe Depth of the shallow drainage system ox h
P
d,2 
w Pvalue Net precipitation w NP 
Background (water)  concentration c Magnitude of the drainage flux x q
 
dr 
 Depth of drainage D 
 
 In the actual study the model was run for three or four soil layers (see further). Soil 
data input comprised measured Alox and Feox values and bulk densities. The Pw was not 
measured but calculated, this can be done according to equation (3.3). However, this 
method is very involved, and since Chardon (1994) found a relationship between Pw and Pox, 
Alox and Feox for acidic sandy soils, 
 
following equation is used (Chardon, 1994): 
    𝑷𝑷𝒘𝒘 = 𝟒𝟒𝟏𝟏𝟎𝟎 � 𝑷𝑷𝒐𝒐𝒐𝒐(𝑨𝑨𝑨𝑨𝒐𝒐𝒐𝒐+𝑭𝑭𝑭𝑭𝒐𝒐𝒐𝒐)�𝟏𝟏.𝟒𝟒𝟏𝟏       (3.6) 
 
where Pw is in mg P L
-1




The input parameters: the background concentration of P, in the groundwater, as 
well as the MHG and MLG for each field were determined using the information of DOV-
Flanders, obtained by performing a geographical search on the DOV-site per municipality. 
The groundwater measuring net was chosen as active layer, with the water table measuring 





coordinates, was used. The MHG and the MLG were determined by taking the average value, 
over eight years, from the four lowest and highest GWT. 
  
PLEASE requires sorption parameters based on Langmuir isotherms. For this, the 
standard sorption characteristics reported in the protocol of Van der Zee (1988) were used, 
namely, K = 35 m³ mol-1, kd = 0.2 d
-1
Table 3.2
 and β = 1.67. The values used for the total drainage flux 
from the soil to surface water at groundwater level and the net precipitation (NP), 
depending on the crop and on the groundwater regime ( ), were based on literature 
(Table 3.3)(Schoumans et al., 2008). The used groundwater regimes differ from the ones 
used in the Belgium soil classification. The regimes from literature were chosen because they 
were connected with values for NP and for magnitude of the drainage flux, making them 
more optimal to use. The used values originate from the Schuitenbeek, in The Netherlands, 
because there are no data available for these parameters in Flanders. The Schuitenbeek is an 
area with almost all sandy soils, comparable to the acidic sandy region of Flanders, with an 
average precipitation of 750 mm yr-1, compared to 805 mm yr-1
 
 (KMI, 2008) in Flanders. The 
drainage flux can differ from location to location but this problem is overcome by relating 
the drainage flux to the groundwater regime, which is field specific (Schoumans et al., 2008). 
So the site specific information about MLG and MHG is related to the drainage flux. The 
resistance and the depth of the drainage systems were iteratively determined as done in 
previous research (Schoumans et al., 2008; van der Salm et al., 2011; Schoumans et al., 
2013). 
Table 3.2. Classification of the groundwater regime in terms MLG and MHG (cm), from light to dark grey, wet 
over average to dry, respectively (van Bakel et al., 2008) 
MLG (cm) 
MHG (cm) 
< 25 25 - 40 40 - 80 80 - 120 ≥ 140 
< 50 Ia     
50 – 80 IIa     
80 – 120 IIIa IIIb IVu   
120 – 180 Vao Vbo VIo VIIo  







Table 3.3. Net precipitation and the magnitude of the drainage flux (mm year-1) per land use and per 
groundwater regime (Schoumans et al., 2008) 
 Net precipitation per land use Magnitude of the drainage flux 
Groundwater regime Grass Maize Arable  
Wet 257 383 348 98 
Average 239 326 291 -5 
Dry 246 312 289 -174 
 
Comparison of model predictions with measured concentrations and sensitivity 
analysis 
The PLEASE model was run on three datasets consecutively, whereby the P leaching 
simulated with PLEASE, was compared to the potential P leaching, derived from the PSD and 
the theoretical relationship between PSD and P concentration in leaching water (figure 1.8). 
According to Van der Zee et al. (1990b) an orthophosphate concentration of 0.1 mg L-1 is 
equal to a total phosphate concentration of 0.15 mg L-1. At a precipitation surplus of 300 mm 
the total P loss will thus be 0.45 kg ha-1 yr-1
 
 (Van der Zee et al., 1990b). 
 First, the PLEASE model was run on a dataset of 21 fields (location see Table 2.1), the 
majority of which had a high P content, as discussed in chapter 2. In this first dataset, the 
model was run for three different situations. In situation 1, we subdivided the (sub)soil in  
three soil layers using the calculated Pw data up to 60 cm (0-30, 30-60 and 60-(MLG+1m)). In 
situation 2, the (sub)soil was subdivided in three soil layers using the calculated Pw data up 
to 90 cm (0-30, 30-90 and 90-(MLG+1m)). For the first layer the Pw of 0-30 cm was used, 
while for the 30-90 cm layer an average of the Pw
 
 of the 30-60 cm and 60-90 cm layers was 
used. In situation 3, the model was run for four soil layers (0-30 cm, 30-60 cm, 60-90 cm, 90-
(MLG+1m)). The difference between situation 1 and situation 2 indicates the effect of the 
soil sampling depth and the difference between the situation 2 and situation 3 shows the 







Since this was done for both sampling occasions (sampling1 in 2001-2005 and 
sampling2 in 2009-2010), an indication is obtained on how sensitive the model is to P 
changes in the soil over time, which in turn is an indication of the practicability of the use of 
the model in policy making.  
 
Secondly, the model was run, with four soil layers, on a dataset of 105 fields located in West-
and East-Flanders (Figure 3.4). The dataset consists  of soil samples taken on the incentive of 
farmers who were convinced to handle according to good agricultural practices in terms of 
nutrient management and did not agree with the categorising of their fields in P saturated 
areas. On these fields following parameters were only measured in the 0-30 cm layer, soil 
texture, with the pipette-method (Gee & Bauder, 1986) and the pH. For each of the three 
soil layers (0–30 cm, 30-60 cm and 60-90 cm) the amount of Alox, Feox and Pox was 
determined with the ammonium-oxalate extraction method (Schwertmann, 1964) and 












Again for all fields the simulated P leaching was compared to the potential risk of P 
leaching obtained from the PSD. This data set was also used to perform a model sensitivity 
analysis, which quantifies the sensitivity of the model output to systematic changes in the 
model parameters. As such, the main sources of prediction uncertainty can be identified and 
the uncertainty in the model prediction can be decreased by increasing the quality of the 
most sensitive model parameter(s). In this study, the objective of the sensitivity analysis is to 
identify which model parameters have a significant impact on the prediction of P leaching. A 
local method for sensitivity analysis was chosen in order to investigate the model sensitivity 
for a specific scenario, i.e. at a fixed set of parameter values from the parameter domain. 
The sensitivity S of the model output y to model parameter x is calculated as the partial 
derivative of y to x, evaluated at one particular value of x using the finite difference 
approximation:  




     (3.7) 
      
Following De Pauw and Vanrolleghem (2006) the model inputs were disturbed with 
1% of the initial value, so that ∆𝑥𝑥/𝑥𝑥 has a constant value of 0.01. The change in model 
output (input) is expressed relative to the undisturbed model output (input) which allows to 
compare the sensitivities among the different model parameters. Although we are aware 
that the sensitivity analysis was done changing one parameter at a time, and thus 
disregarding possible interactions between the different model parameters (Saltelli & 
Annoni, 2010), this approach was chosen because of the ease of implementation (no 
modifications to the PLEASE model are required) and the ease of interpretation. 
 
Finally, the model was run on the large dataset (2683 data points (Figure 3.5)) that 
was used to make a P saturation map of Flanders (Figure 1.11). Based on the results 
obtained by the PLEASE model a P leaching sensitivity map of Flanders was made and 







Figure 3.5. Geographical situation of the 2683 fields used in the second data set (located in Flanders) 
 
  Results 
Data set of 21 fields: influence of number of layers and sampling dates 
The results were in the same order of magnitude when the model was run for the 
three different situations, whereby the number of layers in terms of Pw
Figure 3.6
 input was tested 
( ). However, a higher total P flux was found when the model was run with four 
layers (situation 3) since the P content in the 60-90 cm layer was taken into account. The 
PSD and the PLEASE model are two different ways to determine whether a field is at risk for 
P leaching. According to the relationship in Figure 1.8, a PSD of 24% is equivalent to 0.45 kg P 
ha-1 yr-1 (Van der Zee et al., 1990a). The limit value for a field, in terms of P saturation is a 
(simulated) P flux of 0.45 kg ha-1 yr-1
Figure 3.7
. The P flux, as simulated by PLEASE for the data of 
sampling1, was beneath this value for fields 2, 12 and 13 in situation 1, for fields 1, 2, 12 and 
13 in situation 2 and for field 12 in situation 3 ( ). For sampling2, the simulated flux 
of field 13 was below the limit for all three situations (Figure 3.8). In situation 2 and situation 
3 field 12 was also below the limit. Field 11 was characterized by a large P content in the 60-
90 cm layer at sampling2 compared to sampling1 and this lead to a high simulated P flux of 
3.41 kg ha-1 yr-1 in situation 3 which was not taken into account in situation 1 (2.15 kg ha-1    






Figure 3.6. Box plots of the different situations at both sampling dates 


















Situation 1 (3 layers)
Situation 2 (3 layers)
Situation 3 (4 layers)
0.45 kg ha-1 yr-1
 

























Situation 1 (3 layers)
Situation 2 (3 layers)
Situation 3 (4 layers)
0.45 kg ha-1 yr-1
 
Figure 3.8. The simulated PLEASE total P flux values (kg ha-1 yr-1) for 21 fields at sampling2 for the three 
different situations 
If both methods give the same indication of P saturation all data points should be 
close to or on the theoretical relation (Figure 3.9). In 90.5% (sampling1) and in 85.7% 
(sampling2) of the cases both methods gave the same classification of the fields (Table 3.4). 
However field 1, at both sampling dates, was classified as not P saturated with the 
assessment of the PSD (a PSD of 19.25 at sampling1 and 21.73 at sampling2) so, not at risk of 
P leaching, but according to the PLEASE model this field was categorized at risk of P leaching. 
Field 1 had as characteristics a rather low P content but a high GWT (Figure 3.10). Field 12 
and field 13 were classified as P saturated only at sampling2 and thereby at risk of P 
leaching, but according to PLEASE they had a total P flux lower than 0.45 kg ha-1 yr-1. The 
simulated P losses for fields 12 and 13 were for both sampling dates very close to 0.45 kg ha-
1 yr-1
Figure 3.10
. They had a high P content in the upper soil layer, with a rapid decline in depth, and a 
low GWT ( ). Similar to the increase over time of the PSD values, an increase was 
found when the total P flux (results of PLEASE model) was compared between both sampling 








Table 3.4. Classification of the 21 fields according to the potential P leaching (PSD) and the actual P leaching 
(PLEASE model,  four data layers) at both sampling dates 
   Sampling1 Sampling2 
Class PSD 
 (%) 
Total P flux  







I ≤ 25 ≤ 0.45 0   0  
II ≤ 25 > 0.45 4.76 1 4.76 1 
III > 25 ≤ 0.45 4.76 12 9.52 12, 13 






Table 3.5. Modelled total P flux, with the PLEASE model, for both sampling campaigns (in kg ha-1 yr-1) 
Field Sampling1 Sampling2 Field Sampling1 Sampling2 
1 0.533 0.583 12 0.412 0.391 
2 0.781 0.861 13 0.47 0.408 
3 1.37 1.97 14 0.552 0.761 
4 0.773 0.794 15 3.73 2.81 
5 0.883 1.08 16 2.41 3.24 
6 0.785 0.889 17 1.5 3.59 
7 0.571 0.865 18 2.43 8.67 
8 1.19 1.9 19 2.53 2.51 
9 0.803 1.98 20 5.41 4.85 
10 0.734 2.36 21 0.779 1.33 



























total P flux and PSD
 
Figure 3.9. Scatter plot of the simulated total P flux, with PLEASE (four data layers), and the measured PSD 
for 21 fields in Flanders on both sampling dates 
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Figure 3.10. Representation of the total P concentration (mg l-1) and the water flux (mm 5 cm-1) within the 






Data set of 105 fields: sensitivity analysis of the input parameters in PLEASE 
A sensitivity analysis was done on the input parameters, used for Flanders, in the 
PLEASE model. This is important to have an idea on which input parameters are most 
essential in Flanders to have an optimal result of the model results. For four of the 
investigated inputs, K, ξ, Cx and MLG, the model is rather insensitive (S < 0.5), for Pw
Figure 3.11
 and net 
precipitation (NP) S is greater than 1, while for the other six investigated inputs S is between 
0.5 and 1 ( ). If S is greater than 1 a change of 1% in the model input gives an 
effect on the average model response of more than 1%, which is considered as a very high 
model sensitivity. 
 
Figure 3.11. Sensitivity of the simulated P flux according to the general, soil and hydrological inputs; the 
average and standard deviation is determined on 105 PLEASE simulations  
The different inputs were divided in three classes based on the average and standard 
deviation on S for 105 data points (Figure 3.12). Class I contains the inputs that are least 
crucial since they have a low sensitivity and a low dispersion of S, namely Cx, ξ, K and MLG. 
Class II are the inputs with an average effect on the sensitivity S and an average to high 
dispersion of S, namely kd, MHG, qdr, β, ρb and Alox+Feox. Class III contains the inputs with 






Figure 3.12. Scatter plot between the average sensitivity and the standard deviation on the sensitivity, for 
105 data points. De model inputs were divided into three classes that reflect the importance of the inputs 
from the model 
Data set of 105 fields: comparison actual and potential P loss 
The results of the second data set (105 data points) show that for a number of fields 
the simulated P flux and the measured PSD follow the theoretical relationship between 
PLEASE and PSD (Figure 3.13). However, also a significant number of data points do not 
follow this relationship and have a lower actual P leaching risk compared with the potential 
P leaching risk (these points are beneath the theoretical relationship). On the other hand 
some fields result in a higher actual P leaching risk compared with the potential P leaching 
risk (located above the theoretical relationship in figure 3.12). The comparison of the 
simulated actual P loss (PLEASE) and the potential P loss (PSD) made per field, indicated that 
in 60% of the cases the same classification (namely 12.4% not P saturated and 47.6% P 
saturated) was found. On the other hand, 38.1% of the fields were categorized as P 





classified as not P saturated with the PSD method had a higher P flux than 0.45 kg ha-1  yr-1 
Table 3.6( ). 
 


















Results PLEASE (4 layers)
Theoretical relation between
total P flux and PSD
 
Figure 3.13. Scatter plot of the simulated total P flux and the measured PSD for the second data set (105 
fields located in West and East-Flanders) with the PLEASE model (4 data layers) 
 
Table 3.6. Classification of the 105 fields according to the potential P leaching to groundwater (PSD) and the 
actual P leaching to surface water (PLEASE model)  
Class PSD 
 (%) 
Total P flux  
(kg ha-1 yr-1) 
Percentage 
(%) 
I ≤ 25 ≤ 0.45 12.4 
II ≤ 25 > 0.45 1.9 
III > 25 ≤ 0.45 38.1 








Regional data set of the acidic sandy soils in Flanders (2683 points)  
The NP in the model PLEASE is dependent on the land use. Since collecting the land 
use of all fields in the acidic sandy region would be a very complex and time consuming 
exercise, the model was run for three simplified scenarios (each with their NP value), 
assuming that the entire area was under arable, maize or grassland. The results of the actual 
and potential P loss were compared for the acidic sandy region in Flanders (2683 data 
points, Figure 3.14) for these three scenarios, yielding the same classification in terms of P 
saturation in 67.4% (arable), 67.8% (maize) and 67.4% (grass) of the cases (Table 3.7). 
 





















Figure 3.14. Scatter plot of the simulated average total P flux and the measured PSD for 2683 fields in the 






Table 3.7. Classification of the 2683 fields according to the potential P leaching to groundwater (PSD) and the 
actual P leaching to surface water (PLEASE model) 
Class PSD 
 (%) 
Total P flux  






if grass (%) 
I ≤ 25 ≤ 0.45 17.75 16.37 20.21 
II ≤ 25 > 0.45 14.5 15.88 12.04 
III > 25 ≤ 0.45 18.08 16.29 20.54 
IV > 25 > 0.45 49.67 51.46 47.21 
 
 
Since the differences between the simulated total P flux considering the different 
land use scenarios were rather small, the average of the simulated total P flux for these 
scenarios was calculated (Figure 3.15). The PLEASE model, predicting the actual P loss, 
classified 47% of the fields as P saturated for the acid sandy region of Flanders, 17% was 
classified as P critical and 36% without problems in terms of P saturation. The classification 
based on the PSD (potential P loss) indicated 38% as P saturated (PSD > 35%), 30% as P 
critical (25% < PSD < 35%) and 32% as no problems in terms of P saturation (PSD < 25%), 
(Figure 3.16). The difference between the classification done by the PLEASE model and by 
PSD can be find in Figure 3.17. 
 
Figure 3.15. Classification of the fields in the acidic sandy region of Flanders according to the simulated total 






Figure 3.16. Classification of the fields in the acidic sandy region of Flanders according to the PSD (%) 
 
 
Figure 3.17. Difference in classification of the fields in the acidic sandy region of Flanders according to the 








Data set of 21 fields: influence of number of layers and sampling dates 
Schoumans et al. (2013) stated that PLEASE is a simple model to assess the annual 
contribution of non point P loss by leaching from agricultural land to surface water. In the 
standard simulations of the model, one soil layer was used beneath 50 cm and background P 
concentrations were used to calculate the decline in P concentrations in the soil between 50 
cm and a depth of 1 m below the lowest groundwater table (Schoumans et al., 2008; Dupas 
& Van der Salm, 2010). This application is comparable to situation 1 which is the standard 
simulation, namely using 3 soil layers. In The Netherlands, the plough layer is commonly 
considered to be 20 cm whereas in Flanders this is 30 cm. For situation 1 is assumed that the 
penetration depth of P in the soil is not deeper than 60 cm (50 cm in the Netherlands 
(Schoumans, 2004)). However, the measured Pox
 
 indicates for all 21 investigated soils that P 
penetrates deeper than 60 cm in Flanders.  
Generally, the differences between the situations in simulated P flux are rather small. 
However, using 4 data layers as input for the PLEASE model, situation 3, instead of 3 data 
layers, situation 1 and 2, had for some fields a rather important influence on the simulated 
total P flux. Since not only the amount of Pw but also the amount of Alox and Feox
 
 of the 60-
90 cm layer were used and due to the fact that some fields, in Flanders, have high P or Al, Fe 
concentrations in this layer it is desirable to use the results from the PLEASE model with the 
4 layer data input. Therefore it is advisable to run the PLEASE model with four soil data 
layers, situation 3, so that no information in terms of P is neglected. 
Since the PSD is also an indicator of P leaching, which is used as a decision tool in 
terms of P saturation in Flanders, both techniques, PSD and PLEASE, should give the same 
recommendation for the same site if the effect of the hydrological conditions of a field are 
negligible. When the results from both indicators were compared, generally the same trend 
was seen per field and over time (Figure 3.7 and Figure 3.9). However, some important 
differences were noticed. Field 12 and 13 which had a PSD higher than 25% and were 





P flux can be explained by the fact that these fields have a low GWT (Figure 3.10). This 
proves that including the hydrological factors more specifically gave a better estimation of 
the potential P loss per field (Schoumans et al., 2013). The method of Van der Zee et al. 
(1990a) calculates an average P over the whole soil profile (until 90 cm or until the MLG if 
deeper than 90cm), so a potential P loss in the soil is calculated and not the actual P loss. 
This is also proven for field 1, with a PSD ≤ 25%, which is at risk of P leaching due to the high 
GWT.  
Data set of 105 fields: sensitivity analysis of the input parameters in PLEASE 
The sensitivity analysis indicates to what extent the simulated Pload is sensitive to 
small changes in the model inputs. This makes it possible to identify the inputs that have the 
greatest impact on the model predictions and enables the user to reduce the uncertainty of 
the model simulations by reducing the uncertainty of the most sensitive inputs and 
collecting the data as efficiently as possible (Saltelli et al., 2000; Frey & Patil, 2002). With an 
additional soil survey or by using more detailed literature data it is possible to have a more 
accurate assessment of these input parameters. In this study the sensitivity of PLEASE is 
investigated for several general, soil related and hydrological input parameters. NP and Pw
 
 
are the parameters that gave the highest sensitivity and the highest dispersion of the S, 
therefore it is important that their data input is most accurate to obtain an optimal result in 
predicting the actual P leaching. 
The general model inputs K (= 35 m³ mol-1) and ξ (= 0.25 d m-1) have a small impact on 
the sensitivity of the model, kd and β, however, have a considerable higher impact. The soil 
texture influences the sorption kinetics, a correct determination of the soil texture per field 
is therefore necessary. The general inputs are currently not given per data point but 
arbitrary for the model, a value for K and β per data point could be an improvement. Our 
findings are partly in agreement with the findings of Schoumans et al. (2013), who found 
that an increase in β and K reduces P losses. They found that the influence of K is strong at 
values up to 15 m³ mol-1. At higher values, the impact is relatively small with a minimum at 
25 m³ mol-1. For soils with a high soil P status a higher K value leads to a much higher P 
concentration at the measured Pw 
 





Of the soil related inputs Cx had the lowest sensitivity (S = 0.15) with low variability 
between the fields. This indicates that the P concentration in the groundwater has a 
minimum effect on the P leaching of a field and a simple assessment is sufficient, which is in 
agreement with Schoumans et al. (2013). As expected, the higher the soil P status the more 
important the Pw values for the prediction of the actual P loss. Since Pw has a very high 
impact on the results of the model it is important to have the most accurate inputs 
measured for each field. Since in Flanders Pw is not seen as a standard parameter it is 
advisable to further fine-tune the relationship between Pw and Alox, Feox, Pox
 
, or to include it 
as a standard parameter in soil analysis. 
Most of the investigated hydrological input parameters had a low to average (0 < S < 
0.6) sensitivity on the prediction of P loss. MLG seems to be the least important hydrological 
input parameter in terms of sensitivity of the model. Therefore it is sufficient to determine 
the MLG and even the MHG (S = 0.5) by taking the average value, over eight years, from the 
four lowest and four highest GWT found in the groundwater table measuring net. The NP 
seems to be very important in the calculation of the P loss of a field, which is a problem since 
it is difficult to have crop dependable NP values per field. However when the model’s 
sensitivity for NP is investigated more in detail it was found that for a higher P flux the 
sensitivity for NP decreased drastically. This is logical since NP is only important for the 
determination of the H2O flux and a high P flux is only found when the P concentration in 
the soil solution is (already) high. It was also found that the effect of the H2O flux on P loss is 
important at soil depths below 50 cm, while in superficial soil layers (< 50 cm) the H2
Comparison of the simulated actual P loss and the potential P loss for the second data 
set (105 fields) and for the acidic sandy region of Flanders 
O flux 
had almost no effect on the P loss (Schoumans et al., 2013). 
 In 60% of the cases (in the second data set) and in 67% of the cases (large data set) 
both methods had the same classification of a field in terms of P leaching. Since the P 
saturation limit has implications in terms of the agricultural management of the fields it is 
important to have the most optimal decision method. For the acidic sandy region, between 





to the PLEASE model simulations, these fields were not classified as P saturated. This implies, 
as also described in literature, that it is important to take the hydrological aspects of P 
leaching into account. Namely when a field is characterized by a high groundwater table and 
there is direct contact between the P in the soil solution and the groundwater table, the risk 
of increased eutrophication becomes inevitable, even with a low PSD status. The opposite is 
also possible, namely having a high PSD status but a very low groundwater table which 
decreases the risk of connectivity between the P in the soil solution and the groundwater 
thereby decreasing the risk of eutrophication. Similar conclusions have been drawn for the 
assessment of P losses by surface runoff and erosion (Haygarth & Sharpley, 2000).  
 
With the PLEASE method a considerably higher number of fields were classified as P 
saturated (9%) in comparison with the PSD method, but a considerable lower number of 
fields was classified as P critical. When looking more closely at both maps it is noticed that 
the hydrological conditions of the field play a role in the P leaching risk (Figure 3.15 and 
Figure 3.16). On a local scale significant differences between the actual and potential P loss 
are found e.g. a higher P leaching risk was found with PLEASE for the provinces Antwerp and 
Flemish Brabant. Since it is already proven that PLEASE works good in sandy soils (van der 
Salm et al., 2011) it is important to consider using PLEASE as a tool for future adaptation of 
the legislation. Today in Flanders a soil is classified as being P saturated by the concept of the 
PSD. This is a reliable method when looking at the P content in the soil, however as stated 
before it does not take the hydrological conditions of the soil fully into account, which can 
be significantly different from area to area and even from soil to soil.  
Conclusions 
The PLEASE model requires several general, soil specific and hydrological input 
parameters. All these parameters have an uncertainty factor which has an effect on the 
uncertainty of the outcome of the simulated P loss of a field. To have the most accurate 
prediction of the P loss it is important to minimize the uncertainty of the parameters. The 
sensitivity analysis showed that the prediction of the P loss is most sensitive to Pw, soil 
specific input, and NP, hydrological input, which means that great differences in the model 





obtained relatively easy since it can be measured on the field. A high accuracy needs to be 
aimed for NP as these data are not available in Flanders for the moment. 
 
In this study the PLEASE model was tested on several scales ending with the whole 
acidic sandy region of Flanders, to predict the risk of P leaching. A comparison between the 
actual and potential P loss indicated that only in 67% of the cases the same classification was 
found. When the differences in local hydrology are not taken into account it is possible that 
mitigation measures are applied at the wrong fields because not all soils with a high PSD will 
lead to a high P loss. On the other hand, fields with a low PSD could have a relative high P 
loss due to hydrological conditions. Therefore it is advisable also to include the hydrological 






   
Chapter 4 
The use of soil amendments to increase the 
P sorption capacity of acidic sandy soils  
 







Illustration on p. 67:  
Products added to the soil. From left to right, first row: olivine, biotite, zeolite and gypsum 


























A publication of this chapter is in preparation : 
Minerals and wastewater treatment products effectively increase P sorption capacity in 





A way of trying to tackle P leaching is by adding products to the soil that increase its P 
sorption capacity. In this study four types of products, namely mineral salts (CaCO3, CaCl2, 
CaCO3+CaCl2, AlCl3, AlSO4, FeCl3 and FeSO4), primary and soil minerals (olivine, biotite, 
zeolite, gypsum), bauxite, an industrial by-product (dried Fe sludge) and specially designed 
products (Phoslock® 
 
and Sachtofer) were tested for their ability to fix P in an acidic sandy 
soil.  
All amendments reduced the availability of P in the tested phosphate saturated soil. 
The Al salts were effective only at low addition rates. Grinding (ball milling) of the 
amendments did not result in an increase of the P fixation capacity of the amendments. The 
P fixation efficiency of olivine, biotite or zeolite was significantly greater when they were 
first chemically pre-treated (HCl 1h). This resulted in a P fixation capacity of 70% for olivine, 
74% for biotite and 79% for zeolite at an addition rate of 1.5%. Dried Fe sludge and the Fe 
salts had the best P fixation capacities, even at low addition rates. Dried Fe sludge with an 
addition rate of 0.1% had a P fixation capacity of 45%. For FeCl3 and FeSO4 in an addition 
rate of 0.1% a reduction in Pinorganic
 
 of 50% and 70% was found respectively. Sachtofer and 
Phoslock® gave also promising results in P fixation capacity.  
The most promising products out of the screening experiment were tested in a P 
fixation experiment. The mineral salts (CaCO3, AlCl3, FeCl3 and FeSO4
 
), primary and soil 
minerals (olivine, biotite, zeolite, gypsum), bauxite, an industrial by-product (dried Fe-
sludge) and specially designed products (Phoslock® and Sachtofer) were chosen. The 
products were tested on their ability to fix P during 8 successive rain periods and their effect 
on different P contents in the soil.  
The results showed that the P level of the soil plays an important role in the P fixation 
efficiency of the added products. Generally it was found that out of the selected minerals 
pre-treated olivine and biotite had the highest P fixation capacity. When comparing the 
results of the industrial by-product and the specially designed products it was found that 





Phosphorus (P) losses from heavily fertilized agricultural soils cause severe 
environmental problems in Flanders, the northern part of Belgium (De Bolle et al., 2013a). 
Elevated P concentrations in surface waters contribute to the deterioration of surface water 
quality (Agyin-Birikorang et al., 2007). In the EU, especially in Belgium, The Netherlands and 
Denmark, many of the acidic sandy soils have a high PSD and are subjected to strict P 
fertilization restrictions, what ultimately should result in P depletion or P mining.  
 
However, it is felt that, with current crop rotations, it will take many decades to bring 
P levels back to environmentally safe levels, because P mining efficiency decreases rapidly 
with time (Callahan et al., 2002; Sharma et al., 2007). For example, Watson et al. (2007) 
found no change in Olsen P after 5 years with no P application on grazed grassland soil. 
These authors estimated that only 8.4 kg P ha-1 yr-1
 
 was removed, mainly via animal live-
weight gain (Watson et al., 2007). A similar experiment, zero P application for 5 years on 
non-grazed grassland, in the Netherlands resulted in a rapid decline in the weakly bound P 
concentrations in the soil solution in the upper 5 cm of the soil, but the effect was less 
pronounced at lower depths, and therefore the overall effect on P leaching to surface water 
may be expected to be small (Koopmans et al., 2004b; van der Salm et al., 2009). A declining 
trend in P off-take was also noticed, indicating that mining efficiency decreases significantly 
over time as a result of decreasing P concentrations in the grass and a decline in dry matter 
production (van der Salm et al., 2009). Therefore accompanying or alternative measures will 
be needed to further minimize P leaching from saturated soils in the short term (Brauer et 
al., 2005; Chardon et al., 2012). 
One possible alternative management option would be to increase the P fixation 
capacity of the upper soil layers with addition of materials rich in Al, Fe and/or Ca, because 
Ca-rich materials tend to remove P by Ca phosphate precipitation, whereas Al- and Fe-rich 
materials can precipitate and absorb P (ligand exchange)(Callahan et al., 2002; Chardon et 





Various P sorbing materials have been proposed, and these can be classified in four 
main categories : (1) simple mineral salts, divided into 3 subcategories, based on their ability 
to fix P in different soil types (Gupta & Abrol, 1990) (Table 4.1), (2) primary and soil minerals 
or their synthetic analogs (e.g., ironhydroxides, allophane, and wollastonite), (3) industrial 
waste materials or by-products (e.g., steel slag and blast furnace slag), and (4) specially 
designed products (e.g., expanded clay aggregates or lanthanum modified clays) (Buda et al., 
2012; Chardon et al., 2012), whereby category 1 was proposed for soil and categories 2 till 4 
were proposed for water. 
 
Table 4.1. Simple mineral salts divided in three subcategories according to their P fixation capacity in the soil 
(Gupta & Abrol, 1990) 
Categories Example amendments P fixation capacity 




high in acidic sandy soil 
Soluble salts CaCl2 in both acidic & alkaline soil 
Sparingly soluble salts CaCO3, CaSO4 high in alkaline soil 
 
Buda et al. (2012) gave an overview of a number of P sorbing materials that provide a 
metal cation to react with dissolved P in water, to create an insoluble compound by sorption 
processes, including adsorption, precipitation or both (Table 4.2). 
 
Table 4.2.Types of P sorbing materials, amendments, with the main reactive compound and examples of 
application (Buda et al., 2012) 
Material Compounds Example applications 
Natural materials   
Minerals (e.g. iron oxide, shale, limestone) Fe, Al, Ca Filter for wastewater, agricultural runoff 
Polymineralic soils sands Fe, Al, Ca Constructed wetland 
Synthetic filtration products   
Expanded calcinated clay aggregates Ca Constructed wetlands 
Lanthanum modified clay (Phoslock) La Trap P in sediments 
Synthetic analogs of natural minerals (e.g. zeolite) Al Wastewater treatment 
By-products from industrial activities   
Blast furnace steel slag Ca, Al Golf course runoff 
Red mud Fe, Al, Ca Septic tank effluent 
Fly ash Al, Fe Constructed wetlands 
Melter slag + basic slag Ca Drainage backfill, filter sock 
Flue gas desulfurization gypsum Ca Agricultural drainage water 
Drinking water treatment residuals Fe, Al Immobilizing P in soils 





The fixation of P in soil by using amendments is much less intensively studied than 
the use of such amendments to fix P in water. The P fixation in water is a remedial measure 
to stabilize or improve the water quality. The products used for this type of P fixation are e.g. 
limestone, zeolite, red mud, Phoslock®, gypsum, iron oxide and Sachtofer (Wild et al., 1996; 
Haghseresht et al., 2009; Gibbs et al., 2011; Buda et al., 2012; Chardon et al., 2012). The 
effect of zeolites, a highly porous aluminosilicate mineral originating from volcanic rocks, on 
P fixation was pointed out by Jardin and Pöpel (1994). They concluded that a main part of Al 
contained in zeolites might be available for P precipitation during anaerobic digestion (Wild 
et al., 1996). In another study a 30% P removal was found when stormwater, from urban 
areas, was filtered with zeolite (Wium-Andersen et al., 2012). In the same study also the P 
removal capacity of olivine, a magnesium iron silicate and one of the most common minerals 
on earth, was investigated and was found to be higher than 90%. Olivine treatment to soil 
additionally results in C sequestration. On a geological time scale, the weathering of basic 
silicate rocks and the subsequent precipitation of Ca and Mg carbonates is the main process 
controlling CO2
 
 concentration in the atmosphere (ten Berge et al., 2012). Addition of ground 
olivine to soil increases the reaction rate exponentially, resulting in very stable C 
sequestration on decadal time scales (ten Berge et al., 2012). 
 Water treatment residuals (WTR) (high in amorphous Fe or Al hydroxides) are usually 
disposed of in landfills and can therefore be obtained at minimal or no costs from drinking 
water treatment facilities (Agyin-Birikorang et al., 2007). Short-term laboratory studies have 
demonstrated the efficacy of WTR in reducing soluble P concentrations in runoff and 
leachate water from areas amended with animal manure (Elliott et al., 2002; Elliott et al., 
2005). Agyin-Birikorang et al. (2007) found a reduction in water soluble P of more than 60% 
as compared to the control when an aluminium based WTR was added to a soil with a 
history of heavy manure application.  
 
Because the above mentioned amendments are highly efficient in removing P from 
waste water it was hypothesized that they would also efficiently reduce the P concentrations 
in the soil solution. To this end a large number of potentially useful amendments were 
screened for their ability to reduce P concentrations in a soil and salt solution slurry, at 




from the above screening experiments were further tested for their ability to reduce P 
leaching from a number of soils during a batch leaching experiment under controlled 
conditions in the laboratory.  
Materials and methods  
Screening experiment 
General analysis of the soil and the amendments 
An acidic sandy soil with a PSD of 67.2% (0-90 cm), located in Zwevezele (site 20 
chapter 2), West Flanders, Belgium, and further referred to as Zw, was selected from an 
agricultural field with a crop rotation of vegetables and maize. The soil was sampled, on 
August 19th 2010, by randomly taking around 200 samples with an auger in a random 
pattern over the whole field to a depth of 30 cm and mixing them to yield one composite 
sample for the whole field. After further homogenization in the laboratory, the soil samples 
were air-dried and sieved on a 2 mm mesh sieve. The soil texture was classified as sand ( Soil 
Survey Staff, 2010) containing 87.5% sand, 9.9% silt and 2.6% clay. The soil had a pH of 5.56 
and an organic carbon content of 1.1%, with a PSD and Plac of respectively 109% and 689 mg 
kg-1
Table 4.3
 in the top layer. An adjusted P fractionation method of Hedley (Hedley et al., 1982; De 
Schrijver et al., 2012) was performed on the top soil layer ( ). 
 
Table 4.3. The different P fractions in the top layer of Zw 
P fraction 
total P  
(mg kg-1 soil) 
Pinorganic  
(mg kg-1 soil) 
Porganic 
 (mg kg-1 soil) 
Readily soluble and exchangeable P 87 ± 4.3 12 ± 0.9 74  
Desorbable P 221 ± 13.8 12 ± 1.2 209  
Fe/Al oxide-associated P 696 ± 51.2 44 ± 0.7 652  
Ca associated P 250 ± 9.7 38 ± 1.6 213  
Residual P 163 163 0 
 
Following amendments from the four main categories mentioned above were tested 
for their P fixation potential: the mineral salts CaCO3, CaCl2, CaCO3+CaCl2, AlCl3, AlSO4, 
FeCl3 and FeSO4, the minerals (olivine, biotite, zeolite and gypsum), bauxite, the industrial 





Phoslock® is a lanthanum-modified bentonite clay which has recently been 
developed (Meis et al., 2012). Lanthanum (La) is a rare earth element that is relatively 
abundant in the earth’s crust in comparison with other rare earth elements (Ross et al., 
2008). Lanthanum can be incorporated into the structure of high exchange capacity minerals 
such as bentonite by taking advantage of the cation exchange capacity of clay minerals. 
During the preparation of Phoslock®, La-ions are exchanged with surface adsorbed 
exchangeable cations. The rare earth element in the clay structure can react with the 
phosphate anion in the water body (Ross et al., 2008). 
 
Except for the mineral salts, a total elemental analysis was done. The samples were 
pre-ignited at 850°C for 30 min in platinum crucibles, mixed thoroughly with 2 g of lithium 
metaborate powder in the platinum crucible and fused for 15 min at 950°C in a preheated 
muffle furnace. The crucible and flux that was formed were allowed to cool down and the 
flux was dissolved in a 4% nitric acid solution. Elemental analysis was then performed by 
inductively coupled plasma optical emission spectrometry. X-ray diffraction patterns of 
powder samples were collected on a Philips X'PERT SYSTEM with a PW 3710 based 
diffractometer, equipped with a Cu tube anode, a secondary graphite beam 
monochromator, a proportional xenon filled detector, and a 35 position multiple sample 
changer. The incident beam was automatically collimated. The irradiated length was 12 mm. 
The secondary beam side comprised a 0.1 mm receiving slit, a soller slit, and a 1° anti-
scanner slit. The tube was operated at 40 kV and 30 mA, and the XRD data were collected in 
a theta, 2-theta geometry from 3.00' onwards, at a step of 0.020° 2-theta, and a count time 
of 1 second per step.  
Pre-treatment of the amendments 
To increase the reaction rate (or weathering) of the amendments, they were also pre-
treated physically (ball milled, BM) and/or chemically. Olivine, biotite, zeolite, bauxite and 
Phoslock® were ball milled. Olivine, biotite and zeolite were further pre-treated as follows: 
the ball milled minerals were mixed with HCl (37%, 1/3 ratio) and shaken on a rotational 
shaker for 1h, 2.5h, 5h or 24h, respectively. Finally, the pre-treated minerals were dried at 




Screening experiment set up 
The P fixation capacity of the amendments was tested by adding varying amounts to 
5 g of dried control soil in triplicate (Table 4.4). The mixture was put in small plastic 
containers, 20 ml of KCl (0.01M) was added, the mixture was shaken for 40 h on a horizontal 
shaker, and was filtered through Whatman 589/3 filters.  
 
Table 4.4. Addition rates of the various soil amendments 










(g [5 g soil]-1) 
% amendment 
to soil 
Blank 0 0 Blank 0 0 
R1 0.005 0.1 R1 0.005 0.1 
R2 0.025 0.5 R2 0.025 0.5 
R3a 0.05 1.0 R3 0.075 1.5 
R4 0.125 2.5 R4 0.125 2.5 
R5 0.25 5 R5 0.25 5 
 
The inorganic P (Pinorganic) in the filtrate was measured with the method of Murphy 
and Riley (Murphy & Riley, 1962) by putting 5 ml of filtrate and 4 ml of reagent in a  
volumetric flask of 50 ml and diluting it with distilled water. After 30 min the mixture was 
transferred in a cuvet and P was measured spectrophotometerically at 882 nm (Varian, cary 
50). P concentrations in the solution were given in mg P L-1
Fixation experiment 
 extraction solution. Finally, the 
pH of the filtrate was measured with a pH meter (Thermo, orion model 420).  
General soil analysis  
Six acidic sandy soils with a range in P content were selected. Three soils were 
located in Liereman, Old-Turnhout, Antwerp, further referred to as Li, and three soils were 
located in West-Flanders (two in Zedelgem, further referred to as Ze, and one in Zwevezele, 
further referred to as Zw). The soils were sampled in December 2011 by randomly taking 
between 20 and 50 samples with an auger in a cross pattern over the whole field to a depth 




homogenization in the laboratory, the soil samples were air-dried and sieved on a 2 mm 
mesh sieve. All soils, except Zw, were under grassland at the time of sampling. Due to 
experimental failure the adjusted P fraction method of Hedley could not be executed for the 
soils of Li and Ze. 
Fixation experiment set up 
The amendments and pre-treatments that appeared most promising from the 
screening experiment (see section: results screening experiment) were further used in the 
fixation experiment (Table 4.5) on these six soils, except for the mineral salts which were 
only tested on Zw.  
 

















FeCl R1 3 Olivine R3 Dried  R1 Phoslock® R2 
 R4 Olivine BM+1h HCl R3 Fe sludge R2 Phoslock® R3 
FeSO R1 4 Biotite R3  R3 Sachtofer R2 
 R2 Biotite BM+1h HCl R3   Sachtofer R3 
AlCl R1 3 Zeolite R3     
CaCO R2 3 Zeolite BM+1h HCl R3     
  Gypsum R2     
  Bauxite R2     
 
To this end the amendments were thoroughly mixed with 80 g of pre-incubated soil 
(volumetric moisture content of 23.5%) and put into a PVC column (height 10 cm, inner 
diameter 4.6 cm, Figure 4.1). The bottom of the tubes was closed with a polyester sieve (250 
µm MW) and a paper filter (a Whatman filter, 589/3) on top of the sieve in order to prevent 
soil loss during the fixation experiment. The experiment was performed in triplicate for each 






Figure 4.1. Set up of the fixation experiment 
 
In total eight leachate events (on eight consecutive days) were done, per event, 80 ml 




The results gathered from the screening and the fixation experiment were 
statistically analyzed using the statistical software PASW 20 package (SPSS version PASW 20, 
SPSS Inc., USA). The decrease in Pinorganic
 
 of the leachates of the amended treatments was 
statistically (analysis of variance [ANOVA]) analysed and also compared with the unamended 
control. The P fixation capacity of the amendments was statistically analyzed with a one way 








Results screening experiment 
Total elemental characterization of the products 
When treating the soil it is important to know the exact composition of the added 
products. Generally, the results of the elemental analysis were consistent with the expected 
values from the various products (Table 4.6). 
 
Table 4.6. Total elemental analysis of the selected minerals, industrial by-product and specially designed 
products (in % or in mg kg-1) 
% olivine biotite zeolite gypsum bauxite 
dried 
Fe sludge Phoslock® Sachtofer 
SiO2 42.0 38.6 67.2 0.2 7.0 5.3 55.3 0.6 
Al2O3 0.4 8.7 12.4 0.2 23.1 0.3 13.5 0.8 
Fe2O3 7.9 8.7 1.4 0.1 41.1 62.5 3.5 13.6 
MnO 0.1 0.1 0.0 0.0 0.1 0.9 0.0 0.5 
MgO 48.1 19.1 0.8 0.0 0.3 0.2 2.7 2.1 
CaO 0.2 9.4 3.1 29.1 10.4 6.8 1.9 25.3 
K2O 0.0 7.5 2.7 0.0 0.1 0.1 0.6 0.1 
TiO2 0.0 0.3 0.2 0.0 4.2 0.0 0.4 3.1 
P2O5 0.0 0.4 0.0 0.8 0.1 4.2 0.1 0.0 
mg kg-1       
  Cd <15 <15 <15 <15 <15 <15 <15 <15 
Cu 7 9 <5 9 52 21 8 5 
La 115 28 32 324 134 25 36553 15 
Ni 3053 8 7 <5 826 123 14 71 
Pb 14 <10 23 <10 187 115 53 31 
S 212 180 <100 169470 181 1064 <100 133173 
Zn 59 72 30 <5 75 281 72 221 
 
The used olivine can be classified as fosterite, Fe (7.9% Fe2O3) is the dominant P 
fixating element and it also contains an important amount of MgO (48.1%) what could be 
important in terms of C sequestration. However, olivine contains a rather high undesirable 
amount of Ni, which may pose an environmental risk. Biotite contains the three (main) P 
fixating elements in the same rate, Al (8.7% Al2O3), Fe (8.7% Fe2O3) and Ca (9.4% CaO), 
together with a considerable amount of MgO (19.1%). Zeolite and gypsum have one 
dominant P fixating element, namely Al (12.4%  Al2O3) and Ca (29.1% CaO) respectively. 
Gypsum also contains a high amount of sulphur and a noticeable amount of La. In bauxite 




are found with a domination of Fe, but also a noticeable amount of unwanted Ni and lead 
(Pb). 
 
As expected Fe (62.5%) is the dominant P fixating element in dried Fe sludge and also 
a noticeable amount of sulphur is found. A potential drawback of dried Fe sludge as P 
fixating product is the presence of 4.2% of P2O5 and also a noticeable amount of unwanted 
Pb and Ni. For Phoslock® the mean P fixating element was La with in secondary order Al 
(13.5% Al2O3) and Fe (3.5% Fe2O3), for Sachtofer it was Ca (25.3% CaO) and Fe (13.6% 
Fe2O3
P fixation potential of the amendments 
). La is the main reactive compound for P fixation in Phoslock® which is also found in a 
higher amount in gypsum. With the addition of Sachtofer also an amount of sulphur is added 
to the soil. 
The Pinorganic concentration in the extraction solution of the control soil was 1.19 mg P 
L-1 Figure 4.2 ( ). The lowest addition rates of the mineral salts (R1) resulted in a significant 
decrease in Pinorganic compared to the control but higher rates of the Ca salts did not result in 
an additional P fixation. Addition of higher amounts of Al salts (R3a or R4) increased the 
Pinorganic concentrations to levels much higher than the control soil. In the Fe salts an almost 










































































































Figure 4.2.  Pinorganic concentration in the extraction solution (mg P L
-1 solution) found after addition of the 
mineral salts at different addition rates (different letters mean significant differences between addition rates 
of the same product) 
 
A small P fixation effect was observed when adding non-pre-treated olivine or ball 
milled (BM) olivine at R5 (Figure 4.3). However, from R1 onwards the chemically pre-treated 
olivine significantly decreased Pinorganic compared to the control. At the highest addition rates 
almost complete P fixation was achieved. The olivine BM + 1h HCl had the most significant P 












































































Figure 4.3.  Pinorganic concentration in the extraction solution (mg P L
-1 solution) found with the different 
olivine additions at 5 different rates. Namely, olivine (1), olivine BM (2), olivine BM + 1h HCl (3), olivine BM + 
2.5h HCl (4), olivine BM + 5h HCl (5) and olivine BM + 24h HCl (6) 
 
The addition of non-pre-treated biotite and ball milled biotite gave a decrease in P 
from R2 onwards (Figure 4.4), contrary to non-pre-treated zeolite or ball milled zeolite 
(Figure 4.5). A high P fixation capacity was observed with the addition of chemical pre-
treated biotite and zeolite. As of R1 a significant decrease in Pinorganic was noticed and from 
R2 onwards more than 65% of the Pinorganic
 
 was fixed in the soil. For both minerals the pre-
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Figure 4.4. Pinorganic concentration in the extraction solution (mg P L
-1 solution) found with the different 
additions of biotite at 5 different rates. Namely, biotite (1), biotite BM (2), biotite BM + 1h HCl (3), biotite BM 
+ 2.5h HCl (4), biotite BM + 5h HCl (5) and biotite BM + 24h HCl (6) 





































































Figure 4.5. Pinorganic concentration in the extraction solution (mg P L
-1 solution) with the different additions of 
zeolite at 5 different rates. Namely, zeolite (1), zeolite BM (2), zeolite BM + 1h HCl (3), zeolite BM + 2.5h HCl 





Addition of gypsum R1 immediately gave a small decrease in Pinorganic
Figure 4.6
 compared to 
the control, however from R2 onwards, higher addition rates had no additional significant 
effect on P fixation ( ). The addition of non-pre-treated bauxite or ball milled 
bauxite resulted in an immediate significant effect on the P fixation compared with the 
control. However, higher addition rates did not give a further decrease in Pinorganic. The 
physical pre-treatment of bauxite had no or a negative effect on the P fixation capacity in 
comparison with the non-pre-treated bauxite. The lowest addition rate of dried Fe-sludge 
(R1) caused already a significant decrease in the Pinorganic concentration compared to the 
control, from R3 onwards all P was fixed. The addition of Phoslock® (R2 onwards) gave a 
significant decrease in Pinorganic compared to the control. Physical pre-treatment of Phoslock®
 
was inefficient for P fixation in comparison with non-pre-treated Phoslock®. The lowest 
addition rates of Sachtofer already gave a significant decrease in Pinorganic








































































, but the highest 
rates did not result in complete fixation. 
 
Figure 4.6. Pinorganic concentration in the extraction solution (mg P L
-1 solution) found with addition of gypsum 





Results fixation experiment 
General soil properties 
According to USDA, all six soils were sandy (Table 4.7). The soils can be classified 
according to their PSD and their Pox content. Li3 had the lowest PSD in the top layer, namely 
21.5%, followed by Li1 (55.1%), Li2 (64.7%) and Ze2 (70.3%). The soils with the highest PSD 
were Ze1 (98.2%) and Zw (109%). All soils did not contain CaCO3
 
 and were acidic with a pH-
KCl between 4 and 5.6. 
Table 4.7. General soil parameters of the top layer (0-30 cm) of the investigated soils (value ± stdev) 
Soil parameter Zw Ze1 Ze2 Li1 Li2 Li3 
Sand (%) 87.5 83.1 90.4 92.7 93.2 93 
Silt (%) 9.9 12.8 6.8 5.4 5 5.8 
Clay (%) 2.6 4.1 2.8 2 1.8 1.2 
OC (%) 1.1 1.00 1.68 1.08 1.44 2.62 
CaCO3 (%) 0.00 0.00 0.00 0.00 0.00 0.00 
pH KCl 5.56 5.07 4.46 4.52 4.48 4.08 
PSD top layer (%) 109 98.2 70.5 55.1 64.7 21.5 
Pox (mmol kg
-1 soil)a 68.7 ± 0.32 31.7 ± 0.3 21.3 ± 0.3 8.98 ± 0.5 15.7 ± 0.8 5.38 ± 0.5 
Plac (mg P kg
-1)* 68.9 ± 1.6 528 ± 2.9 360 ± 2.1 147 ± 0.9 297 ± 5.7 65.3 ± 8.4 
Total P (mg kg-1 soil) 1417 ± 105 1117 ± 34 735 ± 7.1 438 ± 37 635 ± 1.9 395 ± 24 
Ca (mg kg-1 soil)* 1610 ± 270 1235 ± 79 870 ± 22 452 ± 3.7 557 ± 6.5 626 ± 61 
K (mg kg-1 soil)* 69.3 ± 1.90 109 ± 6.9 68.3 ± 3.6 21.5 ± 0.2 31.4 ± 9.5 22.2 ± 0.04 
Na (mg kg-1 soil)* 20.0 ± 3.85 21.1 ± 4.4 38.3 ± 1.8 9.99 ± 0.5 12.8 ± 2.4 12.3 ± 0.5 
Mg (mg kg-1 soil) 184 ± 1.01 70.7 ± 2.7 35.8 ± 2.8 38.2 ± 0.2 39.6 ± 1.5 20.2 ± 1.3 
Alox (mmol kg
-1 soil)a 56.5 ± 0.49 28.9 ± 0.6 43.5 ± 0.8 26.2 ± 0.4 43.4 ± 0.9 41.6 ± 0.9 
Feox (mmol kg
-1 soil)a 70.0 ± 0.72 35.7 ± 0.4 16.7 ± 0.3 6.40 ± 0.6 5.09 ± 0.3 8.47 ± 0.1 
*found with ammoniumlactate extraction method, a
P fixation efficiency of the simple salts  
found with ammoniumoxalate-oxalic acid extraction method 
The cumulative P lost by leaching from the unamended Zw soil was 20.3 ± 1.1 mg 
Pinorganic kg
-1. All salt treatments resulted in a significant (p < 0.05) decrease in cumulative 
amount of Pinorganic Figure 4.7 leaching ( ). FeCl3 R1 had the smallest P fixation efficiency 
compared to the control, namely 18.7%, followed by FeSO4 R1 (31.3%) and CaCO3 R2 
(31.6%). The AlCl3 R1 treatment resulted in a P fixation efficiency of 51.0% in comparison to 
the control. Almost all Pinorganic was fixed in the FeSO4 R2 (91.2%) or FeCl3
 












































Figure 4.7. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Zw over the eight leachate events with 
addition of simple salts (stdev for the total leachate and per leachate event can be found in appendix I) 
To have an optimal P fixation when treating the soil with the amendments, it is 
important to know following parameters, the total amount of P leaching and the incubation 
time of the products before P is efficiently fixed (Figure 4.7 and appendix I). At each leachate 
event, the control soil had the highest Pinorganic loss. All treatments of Zw, except FeCl3 R4 
and FeSO4 R2, followed more or less the same pattern per leachate event as the control. The 
highest Pinorganic loss was found with the fourth leachate event for the control soil as well as 
for all treated samples. From the fifth leachate event onwards a topping off in the 
cumulative curve was found. FeCl3 R4 and FeSO4 R2 treatment had a different leaching 
pattern than the control sample, since almost all P was fixed. During the second leachate 
event the FeCl3 R4 treatment gave the highest Pinorganic loss, whereas during the other 
leachate events almost no Pinorganic was lost. With the FeSO4 R2 treatment almost all Pinorganic 




P fixation efficiency of the minerals, bauxite, industrial by-product and specially 
designed products  
As expected the cumulative Pinorganic
Figure 4.8
 losses of the control samples were different for 
the six soils (  to Figure 4.19). The highest cumulative loss of Pinorganic, 13.3 ± 1.9 mg 
P kg-1 in the control sample, was found for Zw, the soil with the highest PSD, followed by Ze1 
(6.61 ± 1.2 mg P kg-1) and Li2 (2.26 ± 0.3 mg P kg-1). A cumulative Pinorganic loss of less than 1 
mg P kg-1, was found for the control samples of Ze2, Li1 and Li3, namely 0.83 ± 0.28 mg P kg1, 




The dynamics of the Pinorganic loss as a function of time found for the amended 
samples was comparable to the controls, except for Li3. In all soils, the gypsum R2 treatment 
resulted in higher Pinorganic losses compared to the controls. The zeolite R3 in Zw, Ze2, Li1 and 
olivine R3 in Ze2 resulted in a higher amount of Pinorganic
 
 loss over the entire experiment in 
comparison with the control. On the contrary, the addition of the chemically pre-treated 
minerals resulted in the highest P fixation of all tested minerals in all soils.  
The Fe-sludge R2 or R3 and Phoslock® R3 treatments, resulted in the highest P 
fixation of the industrial by-product and the specially designed products in all soils. A 
comparable amount of Pinorganic 
 
was fixed in the Sachtofer or bauxite treatments. 




with very large standard deviations. Therefore no significant differences were found 






Figure 4.8. Cumulative amount of Pinorganic (mg P kg
-1
) leached out of Zw over the eight leachate events with 
addition of minerals and bauxite (stdev for the total leachate and per leachate event can be found in 
appendix I) 
 
Figure 4.9. Cumulative amount of Pinorganic (mg P kg
-1
) leached out of Zw over the eight leachate events with 
addition of industrial by-product and specially designed products (stdev for the total leachate and per 





Figure 4.10. Cumulative amount of Pinorganic (mg P kg
-1
) leached out of Ze1 over the eight leachate events with 
addition of minerals and bauxite (stdev for the total leachate and per leachate event can be found in 
appendix I) 
 
Figure 4.11. Cumulative amount of Pinorganic (mg P kg
-1
) leached out of Ze1 over the eight leachate events with 
addition of industrial by-product and specially designed products (stdev for the total leachate and per 
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Figure 4.12. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Ze2 over the eight leachate events with 
addition of minerals and bauxite (stdev for the total leachate and per leachate event can be found in 
appendix I) 
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Figure 4.13. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Ze2 over the eight leachate events with 
addition of industrial by-product and specially designed products (stdev for the total leachate and per 
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Figure 4.14. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Li1 over the eight leachate events with 
addition of minerals and bauxite (stdev for the total leachate and per leachate event can be found in 
appendix I) 
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Figure 4.15. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Li1 over the eight leachate events with 
addition of industrial by-product and specially designed products (stdev for the total leachate and per 
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Figure 4.16. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Li2 over the eight leachate events with 
addition of minerals and bauxite (stdev for the total leachate and per leachate event can be found in 
appendix I) 
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Figure 4.17. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Li2 over the eight leachate events with 
addition of industrial by-product and specially designed products (stdev for the total leachate and per 
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Figure 4.18. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Li3 over the eight leachate events with 
addition of minerals and bauxite (stdev for the total leachate and per leachate event can be found in 
appendix I) 

































Dried Fe sludge R1
Dried Fe sludge R2






Figure 4.19. Cumulative amount of Pinorganic (mg P kg
-1) leached out of Li3  over the eight leachate events with 
addition of industrial by-product and specially designed products (stdev for the total leachate and per 





The P build up in the acidic sandy soils with a PSD such as in soil Zw (PSD in the top 
layer of 109%), poses a potential risk of P leaching and contamination of the ground- and 
surface water. Reducing the P solubility and increasing the P retention capacity in the soil are 
seen as the best management practices to reduce P leaching risks (O'Connor et al., 2005).  
Screening experiment 
Addition of mineral salts 
All seven salts reduced the Pinorganic concentration in the extraction solution, however, 
their potential varied greatly. The Al salts had a high P fixation capacity at low rates, e.g. 81% 
P fixation for AlCl3 R1. However, when these products were added at higher rates, (from R3a 
onwards) a significant increase in Pinorganic concentration in the extraction solution was 
found. The decrease in pH when the products were added in higher rates could be an 
explanation for this effect, since it has been reported that the optimum pH for P fixation in a 
soil by Al salts is between 5.6 and 7.7 (Ann et al., 2000). The Fe salts significantly reduced the 
Pinorganic concentration in the extraction solution, namely 50% with FeCl3 R1 and 96% with 
R2; with FeSO4 a reduction of 70% with R1 and 97.5% with R2. The Fe salts (from addition 
rate R2 onwards) were more effective in P fixation than the Al salts which is in agreement 
with other findings (Ann et al., 2000). This can be explained by the stronger affinity of Fe3+ 
for PO4
3- and a stronger hydrolyzing power than Al3+ (Hsu, 1976; Ann et al., 2000). The Ca 
salts resulted in a significant Pinorganic reduction in the extraction solution, however an 
increase in addition rate did not further increase the P fixation capacity. Likewise, Jenkins et 
al. (1971) reported that, in water, increased carbonate concentrations may also cause slower 
Ca phosphate crystal growth rates by substitution of orthophosphate ions with the 
carbonate ions in the solid form of Ca phosphate compounds. However, the P precipitation 
with Ca ions is kinetically much faster than Ca carbonate precipitation (Ann et al., 2000). At 
higher addition rates the mixture of CaCO3 and CaCl2 had a higher P fixation capacity, which 
is in agreement with other findings (Yang et al., 2007). The P fixation capacity together with 
the increase in pH obtained by mixing simple salts with the soil is promising for application 




Addition of olivine, biotite or zeolite 
The addition of olivine or zeolite to the soil led to a rather small decrease of the 
Pinorganic concentration in the extraction in comparison with the control. On the contrary, 
zeolite R1 and biotite R1 addition resulted in an increase of the Pinorganic concentration in the 
extraction solution which is in agreement with the findings of an experiment with P removal 
from water (Wium-Andersen et al., 2012). These authors reported an increase in soluble P 
when water was treated with zeolite. However, they found that olivine had the highest P 
sorption capacity in water, which is in contradiction with our results for olivine additions to 
the soil, this can be explained due to the large composition variety of olivine and probably 
the olivine used in our experiment and in the reported experiment had another element 
composition. Chemical pre-treatment of these minerals with HCl for 1h proved to be highly 
efficient since all Pinorganic was fixed from R3 onwards. The reason that chemically pre-treated 
minerals were able to fix P more efficiently is due to the fact that pre-treatment is an 
enhanced way of mineral weathering, which results in a strong increase in sorption sites for 
P. Wild et al. (1996) found that, in sludge, some phosphates may be adsorbed to Al centers 
on the zeolite surface, but to make Al available for precipitation reactions, the zeolites have 
to be hydrolyzed (i.e. degraded). This degradation is induced by an uptake of protons, 
followed by a change of Al coordination from tetrahedral to octahedral (Wild et al., 1996). 
Two effects favor the hydrolysis of aluminosilicates: a drastic pH decrease (< 4) or the 
presence of chelating ligands like citrate or acetate (Burgess et al., 1994). Wild et al. (1996) 
proved that the precipitation processes are strongly influenced by pH. This is in agreement 
with our results on P fixation in the soil, namely a decrease in pH gave an increase in the P 
  
fixation capacity. In another study, P removal from stormwater rich in P was 30% when 
filtered with zeolite (Wium-Andersen et al., 2012). The same study found a P removal 






Addition of gypsum, bauxite, dried Fe sludge, Phoslock® or Sachtofer 
A small decreasing trend in Pinorganic concentration in the extraction solution was 
observed with gypsum R1, the additional fixation effect of higher addition rates was 
negligible. This is only partly in agreement with the findings of O’connor et al. (2005). They 
also found that a higher addition rate (2%) of gypsum did not increase the P fixation capacity 
of the soil. However, they found a more significant decrease in P of almost 40% when 
gypsum was added at a rate of 0.05% and a decrease of more than 60% at an addition rate 
of 0.5%, compared to a reduction of only 20% in our results. Rechcigl et al. (2000) reported 
that gypsum and lime amendments had no effect on the P concentrations in runoff. 
Anderson et al. (1995) found that small gypsum rates (0.1 g kg-1
 
) were able to fix P in the soil. 
However, if the high pH values revert to the natural low soil pH values as low as 4.5, the 
solubility of Ca-P compounds is predicted to increase and P would be released (O'Connor et 
al., 2005). An explanation for the findings of O’connor et al. (2005) is that the P solubility in a 
soil depends on the soil pH. Soils with a high pH typically limit P solubility via precipitation of 
various Ca-P compounds (O'Connor et al., 2005). Gypsum and lime products have been 
widely used to increase the pH on agricultural soils and these products have also been used 
to reduce P loss in heavily manure-impacted soils (Callahan et al., 2002; Cox et al., 2005; 
Watts & Torbert, 2009). The addition of gypsum to the soil is responsible for a significant 
increase of the pH, which is levelling off from R3 onwards. This is in agreement with the 
findings of Callahan et al. (2002), who also found an increase in pH after addition of gypsum 
to a soil with a starting pH of 5.5. It was stated that also the impurities in gypsum could 
affect the pH more rapidly than gypsum itself (Callahan et al., 2002).  
Bauxite R1 gave a direct effect of P fixation, however, from R2 onwards the beneficial 
P fixation effect was rather small. This is in agreement with other experiments where bauxite 
is found to be an efficient amendment in terms of P fixation (McDowell & Nash, 2012). The 
pH increase after bauxite addition is also in agreement with other experiments (McDowell & 
Nash, 2012). However, addition of ball milled bauxite caused a significant decrease in pH of 
the filtrate. Since ball milled bauxite simulates an increase in the normal weathering rate of 
the mineral in the soil, it is important to be aware that bauxite could have a long term effect 




physical pre-treatment probably releases an increasing amount of available Al, which leads 
to an overall decrease in pH.  
 
The dried Fe sludge, which is originating from the waste water treatment plant, gave 
the best results in terms of P fixation capacity. Already with the smallest addition rate of Fe 
sludge a significant decrease in Pinorganic was found and from R3 onwards almost all P was 
fixed. This Pinorganic 
 
fixation capacity is higher than reported by O’connor et al. (2005), who 
found a P fixation of 87% at an addition rate of 5%, (which was obtained here at an addition 
rate of only 0.5%). The addition of dried Fe sludge resulted in a significant increase in pH 
from R3 onwards, what could be seen as a secondary positive effect.  
The products that are designed for P fixation in water bodies, namely Phoslock® and 
Sachtofer also gave promising results. At 1.5% addition rate more than 90% fixation 
efficiency was obtained with Sachtofer and almost 100% with Phoslock®. Under anoxic 
conditions (not the case in this research) it is reported that P bound by Phoslock® is retained, 
by forming a highly stable mineral known as rhabdophane (LaPO4
Fixation experiment 
.nH20), and that Phoslock® 
is effective over pH 5-9 (Ross et al., 2008). From Phoslock® R3 onwards a significant increase 
in pH is observed. Reports indicated that the P adsorption capacities of Phoslock® is pH 
dependent, although this pH effect is not unambiguous (Haghseresht et al., 2009; Gibbs et 
al., 2011). Gibbs et al. (2011) measured an increase in P adsorption capacity with increasing 
pH. Another study indicated that the extent of P removal of Phoslock® decreased rapidly as 
the pH of water increased from 7 to 9, which could be attributed to the formation of 
hydroxyl species of the lanthanum ions thereby decreasing the number of P binding sites on 
the Phoslock® surface (Ross et al., 2008; Haghseresht et al., 2009).  
P fixation efficiency by simple salts  
All salts had a P fixation capacity, but this capacity varied with the type of salt. The 
fact that soil amendments vary greatly in their effectiveness in reducing P leaching in sandy 





Fe salts were most efficient and FeSO4 addition resulted in a significant higher P 
fixation efficiency, even at a lower addition rate, in comparison with FeCl3. However, when 
the P fixation efficiency between the Fe salts and AlCl3 was compared, it should be 
considered that a higher addition rate was used for the Fe salts. For the lowest addition rate 
(R1) AlCl3 was more efficient in P fixation than the Fe salts. AlCl3 was not investigated at 
higher addition rates in the fixation experiment because the screening experiment had 
demonstrated a higher P release with increasing addition rates. The smaller P fixation 
capacity of CaCO3 was in agreement with other reports (Ann et al., 2000). Ann et al. (2000) 
found that the most efficient P fixation salt was FeCl3 and the effective addition amount 
required to minimize P release was 1-2 g kg-1 FeCl3 or 7 g kg
-1 CaCO3
 
, which is a (much) lower 
addition amount than was required in our results.  
When the Pinorganic 
P fixation efficiency by minerals, bauxite, industrial by-product and specially designed 
products in different soils 
loss is investigated per leachate event all amendments followed 
the same trend and this trend was also observed before in literature. As an example Yang et 
al. (2007) conducted a leaching experiment over 32 days with eight leaching events of 250 
ml of deionized water. They found an increase in the concentrations of reactive P in the 
leachate fo the second leaching event followed by a significant decrease in P loss during the 
third leaching event, afterwards the P loss remained practically unchanged. Our results 
followed a similar but prolonged trend.  
The six investigated soils can be ranked by their decreasing P content: Zw, Ze1, Ze2, 
Li2, Li1 and finally Li3. The PSD or the P content of a soil was not always a good indicator for 
the amount of P that will leach from a soil, as apparent from P leaching rates in the control 
soils. Ze2 had a higher PSD and P content compared to Li2, but more Pinorganic was lost during 
the experiment in Li2 (2.26 ± 0.2 mg P kg-1) compared to Ze2 (0.83 ± 0.3 mg P kg-1). This can 
be explained by a higher amount of desorbable P fraction in Li2 and a lower amount of Fe/Al 
oxide-associated P in comparison with Ze2. The Feox content found is also significantly lower 
for Li2 (5.09 ± 0.3 mg Feox kg
-1) compared to Ze2 (16.7 ± 0.3 mg Feox kg
-1). This indicates that 





The P fixation efficiency of the added products indicates, as expected, that there is no 
straight forward answer to the question : “which product will fix most P in the soil?”. The 
results show that the soil type and its P content play an important role in the P fixation 
efficiency of the added products.  
 
The gypsum R2 treatment gave a higher cumulative P loss, in all six soils, compared to 
the control sample, which is in agreement with the findings of Summers et al. (1996), who 
found a slight increase in P leaching on a sandy soil after addition of gypsum. This was 
attributed to the amount of P in the gypsum (0.15%) or to the displacement and competition 
between sulphate and phosphate ions for binding sites. Another study concluded that 
gypsum addition may enhance P movement through the subsoil probably via macropores 
(Cox et al., 2005). A possible explanation of the lack of P fixation by gypsum in these soils 
could be the fact that they were acidic and sandy, where previously gypsum amendments 
were shown to be efficient on clay and clay loam soils (Ekholm et al., 2012; Uusitalo et al., 
2012b). Gypsum addition increases the pH of acidic soils, thereby solubilizing more P fixed to 
Al or Fe than could be bound by the added Ca, and consequently results in an increase in 
soluble P. In almost all studied soils the zeolite treatment had none or a negative effect on 
the P fixation capacity but to a lesser extent than gypsum. The effect of zeolite addition  to 
the soil thus corresponded to its effect in water, i.e. generally a poor P sorption capacity 
(Wium-Andersen et al., 2012). 
 
The chemically pre-treated minerals were most effective in terms of P fixation 
capacity in soils that were rich or very rich in P. They were able to fix almost all Pinorganic 
during the eight consecutive leaching events. However, at the end of the leaching 
experiment a small increase in Pinorganic loss was observerd in comparison with the control, 
which could indicate that the P fixation effect of the pre-treated minerals is time dependent. 
Dried Fe sludge R3 and Phoslock® R3 were also able to fix almost all Pinorganic. Surprisingly 
increasing rate of dried Fe sludge did not increase the P fixation capacity in Ze2. For the soils 
with a normal to high amount of P, chemically pre-treated biotite and dried Fe sludge were 
able to fix most of Pinorganic   during the leaching experiment. An important drawback to the 




with R1 to 1142 kg P with R3 was added with dried Fe sludge. Although the results show that 
the additional P in dried Fe sludge is unavailable and also fixed in the soil together with 
fixation of P in the soil it is unwanted to add P on soils that have already problems in terms 
of P saturation. 
 
In the soil with the lowest PSD, namely Li3, no or a negative effect in P fixation was 
observed and no significant differences between the products were found. As a 
consequence, in a soil with a low P status it is advisory not to add any of the investigated 
products. If one of these products would be added to e.g. increase the pH, it is important to 
realise that there will be a Pinorganic
CONCLUSIONS 
 increase. This indicates that adding a product without 
having an idea of the P status of the soil is not the right approach. 
The use of soil amendments to realize an immediate, temporary, fixation of P in 
acidic sandy soils is a mostly novel management strategy, that has never been investigated 
for mitigating P leaching losses from soils. At the same time the fixed P is not lost but stored 
in the soil and could be used by the plants in a later stadium.  
 
The screening experiment confirmed that all the tested amendments were able to 
reduce the availability of P in the phosphate saturated soil of Zwevezele. The physical pre-
treatment of the amendments (by ball milling), did not increase the P fixation efficiency, and 
for ball milled bauxite even a small decrease in P fixation efficiency was observed. On the 
other hand, chemically pre-treated olivine, biotite or zeolite were significantly more efficient 
in P fixation in comparison with their untreated amendments. A point of attention when 
adding the chemically pre-treated minerals to the soil is the drop in pH of the filtrate that 
was found. The most promising amendments in terms of P fixation with their optimal 
addition rates were then tested in a leaching experiment on six acidic sandy soils with 
different P contents to really investigate their P fixation potential. Chemically pre-treated 
minerals together with dried Fe-sludge and Phoslock® R3 are the most efficient products in 





The fact that the P content of the soil plays an important role in P fixation efficiency 
of the products, has to be taken into account when products are recommended in terms of 
best management practices. Further research under field conditions is necessary to 
completely understand the P fixation efficiency of the products and to make 
recommendations on which product is most optimum to use in a soil with a known P 
content.   
   
Chapter 5 
Performance of phosphate-solubilizing bacteria 
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A way to bring phosphate saturated soils back to an environmentally safe P level is by 
P mining through plants. Phosphate solubilising bacteria (PSB) could be very useful to 
increase the mining efficiency over time. The goal of this research was to investigate the 
adaptation and performance of PSB in conditions of high total P content in soil. In the first 
experiment, the P solubilizing capacity of five PSB species (three Bacillus spp. and two 
Pseudomonas spp.) were tested under fully controlled conditions on several growth media 
with different forms of insoluble phosphate (FePO4, AlPO4 or (Ca)3(PO4)2) added at different 
rates. In contradiction with the normally used technique of halo determination, the colony 
growth (i.e. colony diameter) after 14 days of inoculation demonstrated that all five bacteria 
species were able to proliferate and solubilize P on each of the tested growth media. In the 
second experiment the same bacteria species were inoculated in pure quartz sand amended 
with a nutrient solution and P was added separately in an insoluble form, as Fe-P, Al-P or Ca-
P. The extractable ammonium lactate P ranged from 3.2 to 6.9 and 29.0 to 40.7 mg P kg-1 
sand for the insoluble Al-P and Fe-P treatments, respectively. Pseudomonas putida and 
Bacillus brevis performed best as PSB at high P concentration where the P is fixed with Al or 
Fe. In the third experiment Pseudomonas putida and Bacillus brevis were inoculated in an 
acidic sandy P saturated soil for 4 weeks. The inoculation of the PSB gave promising results 






Many agricultural soils have accumulated large P reserves as a result of excess P 
fertilization over the years (Fernández et al., 2007; Bolster et al., 2012). Problems of 
excessive P levels are found in many countries with industrialized agriculture (Djodjic et al., 
2004; Ketterings et al., 2005; Ajmone-Marsan et al., 2006; Uusitalo et al., 2007; Reijneveld et 
al., 2010). In Belgium, about 80% of arable lands and 40% of grasslands are considered fairly 
high to very high in soil P (Reijneveld et al., 2010). A lot of these fields are located in the 
acidic sandy region. Traditionally, P losses by erosion have been viewed as the main or even 
the sole source of P losses to natural waters (Kleinman & Sharpley, 2003; Volf et al., 2007). 
However, P leaching plays an important role in acidic sandy soils with high P levels (Van Den 
Bossche et al., 2005) (see chapter 2). In the EU, many of these acidic sandy soils with high 
PSD are subjected to strict P fertilization restrictions, which ultimately should result in P 
mining. However, it is felt that with current crop rotations, it takes several decades, because 
P mining efficiency decreases rapidly with time (Sharma et al., 2007). Ideally, efficient long 
term P mining from agricultural soils would thus require methods that keep P levels 
(temporarily) high enough in order not to limit crop P uptake.  
 
One such way could be to increase P availability by the addition of phosphate 
solubilising bacteria (PSB) to the soil. A number of soil microorganisms, including bacteria, 
have the capability of solubilising mineral phosphates, thereby affecting the P cycle both in 
natural and agricultural ecosystems (Vazquez et al., 2000). In soil, PSB constitute from 0.5 up 
to 50% and P solubilising fungi from 0.05 to 0.1% of the total respective populations 
(Vazquez et al., 2000; Gyaneshwar et al., 2002). Generally, the PSB outnumber the P 
solubilizing fungi by 2 to 150 fold (Kucey, 1983).  
 
Especially the Pseudomonas, Bacillus and Rhizobium species are widely distributed in 
the soil environment (Martin & Travers, 1989; Wang et al., 2001; Thakuria et al., 2009). 
Pseudomonas species were reported to solubilize P under a range of temperature conditions 
(Trivedi & Sa, 2008) and the most intensively studied species of this genus are P. putida 
(Manna et al. 2001; Villegas & Fortin 2002), P. corrugata (Pandey & Palni, 1998), P. 





(Deubel et al., 2000). In particular P. putida has been reported as an efficient PSB (Kuiper et 
al., 2002; Rosas et al., 2006). Within the genus Bacillus, B. brevis, B. cereus, B. circulans, B. 
polymyxa, B. thuringiensis and B. megaterium species were all reported to solubilise P (de 
Freitas et al., 1997; Turan et al., 2007). Within the Rhizobium species the research has mainly 
focussed on R. leguminosarum (Rodriguez & Fraga, 1999) and R. phaseoli (Thakuria et al., 
2009). 
 
Addition of PSB to a soil to increase the P availability to agricultural crops has been 
widely investigated (Gyaneshwar et al., 2002). To the best of our knowledge, all studies on 
PSB have focused on the solubilization of P in artificial growth media or in soils which were 
low in total P. Nearly all these studies were concerned with P solubilization from Ca-
phosphate sources (Vessey, 2003; Arcand & Schneider, 2006). Only some studies were found 
which looked into P solubilization from AlPO4 by Pseudomonas sp. (Illmer et al., 1995; 
Puente et al., 2004; Henri et al., 2008),  and these were done at low AlPO4
 
 levels.  
To date, no studies have explored the potential of using PSB to increase P uptake in 
acidic soils rich in total P. However, such studies may prove very useful in these soils high in 
P where the objective is P mining, since the mining efficiency is known to decrease 
drastically with time if no P fertilizer is added. The point of interest of this study was the 
solubilization of Al-P and Fe-P in soils with a high total P content, and this as compared to 
Ca-P solubilization. The aim of this study was three-fold; to investigate (1) whether the PSB 
were tolerant and able to grow effectively in environments with high total insoluble P 
concentrations, thereby investigating if the evaluating procedure through halo 
determination is useful for all P forms; (2) whether PSB could solubilise the unavailable P in 
Al- and Fe-phosphates when added to a pure quartz sand substrate; and (3) whether PSB 
were able to solubilize P in acidic sandy soils high in total P to assess their potential for 






Materials and methods 
Bacteria selection 
Pseudomonas, Bacillus and Rhizobium spp. are found to be the most effective PSB 
(Rodriguez & Fraga, 1999; Rodriguez et al., 2006; Richardson & Simpson, 2011). Based on 
previous studies (de Freitas et al., 1997; Kuiper et al., 2002) five bacteria were selected, 
namely B. brevis (ATCC 8246), B. polymyxa (ATCC 842), B. thuringiensis (ATCC 10792), P. 
corrugata (ATCC 29736) and P. putida (ATCC 12633). The bacteria were obtained from DSMZ 
(Germany) and cultured in nutrient broth (OXOID LTD., England) under shaking at 30°C for 
the Bacillus species and at 25°C for the Pseudomonas species.  
 
This study was carried out in a three stage approach. In a first stage PSB growth was 
monitored on media where an insoluble P source was applied as Al-P, Fe-P or Ca-P. In a 
second stage, the P solubilising capacity of the PSB was tested in an experiment using sand 
as a substrate, thus creating more realistic conditions, but still allowing to have maximum 
control over P dynamics, which is more difficult to achieve in a real soil environment. In a 
third stage the PSB were tested in real acidic sandy soil with a high total P concentration. 
Growth media experiment 
The growth media were based on the national botanical research institute’s 
phosphate growth medium (Nautiyal, 1999) but with some modifications. Each growth 
media was composed of: glucose, 10.0 g L-1; MgCl2.6H2O, 5 g L
-1; MgSO4.7H2O, 0.25 g L
-1; 
KCl, 0.2 g L-1 Table 5.1, plus variable amounts of N and insoluble P sources ( ) together with a 
sufficient amount of bacteriological agar (agar no.1, OXOID LTD., Hampshire, England). The 
pH was adjusted to 5.0 for the growth media with insoluble Al- or Fe-P sources and to 7.5 for 
the growth media with insoluble Ca-P source (Table 5.1), so as to achieve similar pH 








Table 5.1 The amount (in g L-1) of the insoluble P, N in each growth media and the pH of                                   
the different growth media 
 Fe-P  Al-P  Ca-P 
P amount Low Low High  Low Low High  Low High 
N amount Low High Low  Low High Low  Low Low 
FePO4 5.0 5.0 15.0  - - -  - - 
AlPO4 - - -  5.0 5.0 15.0  - - 
Ca3(PO4)2 - - -  - - -  2.5 15.0 
(NH4)SO4 0.1 0.5 0.1  0.1 0.5 0.1  0.1 0.1 
Agar  10.0 10.0 15.0  15.0 15.0 20.0  10.0 10.0 
pH 5.0 5.0 5.0  5.0 5.0 5.0  7.5 7.5 
 
The growth media were sterilized using an autoclave (SANOclav, Bad Überkingen-
Hausen, Germany) at 121°C for 25 min and then transferred aseptically into sterilized Petri 
plates. Per plate, a bacterial strain was stabbed in quadruplicate on the plate using sterile 
toothpicks. For each growth medium and each bacterial strain, four replicate plates were 
used. The plates were incubated at 25°C for 14 days. The colony growth and, if possible, the 
halo zone were measured at the 3rd, 7th and the 14th
Experiment on sand medium 
 day of the inoculation using a 
microscope (OPTIKA stereo microscope, x6.7 magnification, Italy).  
Quartz sand (0.05 - 0.5 mm diameter) was washed, consecutively with 0.5% NaOH, 
distilled water and 5% HCl in a 1:1 sand/solution ratio under shaking for 1 h, in order to 
remove all nutrients. Finally, the sand was washed with demineralised water until the 
electric conductivity was smaller than 3 µs, and then oven-dried (105°C).  
 
Firstly, the insoluble P sources were thoroughly mixed with 40 g of sand and brought 
into polypropylene tubes (diameter of 3.4 cm, height of 6.7 cm). The amount of insoluble P 
added to the sand (500 mg P kg-1) was based on the typical P content of acidic sandy soils in 
Flanders, namely 500-1000 mg Pox kg
-1
Table 5.2
. Secondly, the bacteria were mixed with the nutrient 
solution ( ) and this solution was added to the sand, as a bacterial inoculum of 2.2 x 
108 colony-forming units (CFU) g-1
 
 of sand, based on the population size of PSB in soils as 
found by Hu et al. (2009).  
The nutrient solution, without P, was prepared with sucrose as main C source. The 





treatments with insoluble Fe-P as P source, 1 litre of main nutrient solution was prepared by 
adding respectively 5 ml micronutrient solution and 1 ml Al solution. For the treatments with 
Al-P source the same composition was used but 1ml Al solution was replaced by 1ml Fe 
solution. For treatments with Ca-P as P source, 1 ml Al and 1ml Fe solutions were added to 
the main solution together with the 5ml micronutrient solution. Per tube, 6.3 ml of the 
nutrient solution was added. Per treatment and per extraction day, there were three 
replications. Finally, all tubes were covered with perforated parafilm to reduce water loss 
but still allowing sufficient oxygen supply and stored in a closed incubator at 20°C for 10 
days. Samples were taken at the 5th and the 10th
 
 day of incubation. Immediately after 
sampling, the samples were dried in the oven for 2 h at 60°C to stop all biological activity.  
Table 5.2. The composition (in mg L-1) of the nutrient solutions added to the sand 
Main nutrient solution   Micronutrient solution 
Nutrient Amount 
(mg L-1) 
 Nutrient Amount 
(mg L-1) 
CaCl2.2H2O 1175.31  MnSO4.H2O 310.00 
K2SO4 348.40  ZnSO4.7H2O 90.00 
MgSO4.7H2O 492.62  CoCl2.6H2O 0.80 
CuSO4.5H2O 249.55   
KNO3 404.41  Fe & Al solution 
H3BO3 309.06  Element Amount 
(mg L-1) 
Na2CO3 211.98    
Ammonium acetate 332.20  Al2SO4.8H2O 119.00 
Sucrose 14850  Fe 27.92 
H24Mo7N6O24 0.18    
 
Experiment with acidic sandy soil 
Two acidic sandy soils (further referred to as soil1 and soil2), located in Oostkamp, 
Belgium, with a total P content of 1078 mg kg-1 and 1267 mg kg-1 were selected. The soil 
texture of both soils was sand (USDA classification) with a composition of 87.1% sand, 10.0% 
silt and 2.90% clay for soil 1 and 87.9% sand, 9.0% silt and 3.10% clay for soil 2.  In the top 
layer (0-30 cm) a PSD of 77.8% and 106.1% for soil1 and soil2 was found, respectively. For 
both soils there was no free CaCO3 and the organic matter content was 4.5 and 3.6% 
respectively. The pH was 5.1 and 4.3 for soil1 and soil2, respectively. In this study B. brevis 
and P. putida were inoculated separately and in combination (dual inoculation) in the same 





mixed with 80 g of pre-incubated soil. Each tube was then covered with the parafilm and 
holes were made to create aerobic conditions. There were three replicates per treatment 
per sampling date. The samples were randomly stored in a closed incubator at 20°C for 5 
days. 
Measurements  
The water extractable P (Pw), the ammonium lactate extractable P (Plac) (Egnér et al., 
1960) and the pH were measured, both in the quartz sand (after 10 days, pH on the 5th and 
on the 10th day) and in the soil (at week 2 and week 4). The Pw, which is considered as the 
available P pool, was measured as reported by Self-Davis et al. (2009). Two grams of dry 
sand/soil and 20 ml of distilled water were put in a centrifuge tube and shaken for 1 h on a 
rotational shaker. The soil slurries were then centrifuged at 3220xg followed by filtration 
(Whatman ashless filter, 589/3). The Pw
 
 in the filtrate was determined colorimetrically at 
882 nm according to Murphy & Riley (1962). 
The Plac
Calculation and statistical analysis 
, which is considered the plant available P pool in these soils (Van Den 
Bossche et al., 2005) was measured at both sampling occasions, by extracting the soil with 
ammonium lactate (extraction ratio 1:20, (Otabbong et al., 2009)) in dark polyethylene 
bottles that were shaken for 4 h on a rotational shaker. The P concentration in the filtered 
extract was measured colorimetrically at 700 nm (spectrophotometer, Varian, cary 50) 
according to Scheel (1936). The pH was measured potentiometrically in a 1:2.5 soil/KCl 
extract (pH-KCl). 
The results gathered from the three experiments were statistically analysed using the 
statistical software PASW 20 package (SPSS version PASW 20, SPSS Inc., USA). The growth 
diameters of the PSB were statistically compared (ANOVA) between the different P sources 
as well as between the different PSB. In the sand experiment, a comparison between the 
different P sources as well as between the PSB were carried out. The results were 
statistically analysed with a paired-sample t-test. For the sand and the acidic sandy soil 





results were also compared between dates with a paired-sample t-test. Pearson correlation 
coefficients were calculated between the pH, Pw and Plac
Results 
 for the soil experiment for each 
PSB and for both soils. 
Growth media experiment 
The colony growth diameters, after 14 days, indicated that all five PSB were able to 
grow on each of the respective growth media, with varying soluble N and insoluble P 
concentrations (Figure 5.1 to Figure 5.3). For all growth media, the colony growth diameter 





















































































Low Fe-P & Low N
High Fe-P & Low N
Low Fe-P & High N
 
Figure 5.1. The average colony growth diameter (in mm) at the end of the incubation (14 days at 25°C) for 
the Fe-P treatments (p<0.05, significance between PSB is marked in lowercase letters and significance 

























































































Low Al-P & Low N
High Al-P & low N
Low Al-P & High N
 
Figure 5.2. The average colony growth diameter (in mm) at the end of the incubation (14 days at 25°C) for 
the  Al-P treatments (p<0.05, significance between PSB is marked in lowercase letters and significance 











































































Low Ca-P & Low N
High Ca-P & low N
 
Figure 5.3. The average colony growth diameter (in mm) at the end of the incubation (14 days at 25°C) for 
the Ca-P treatments (p<0.05, significance between PSB is marked in lowercase letters and significance 






The colony diameter for all PSB, with exception of P. corrugata, tended to increase 
with increasing insoluble Fe-P, from 5 to 15 g L-1, but this was not statistically significant 
(p>0.05). All PSB, except B. brevis, showed a significant increase in the colony growth 
diameter with an increasing N concentration, from 0.1 to 0.5 g NH4(SO4) L
-1, at a constant 
insoluble Fe-P concentration of 5 g L-1
 
. 
The colony growth diameter for all PSB tended to be in the same order of magnitude, 
irrespective of the insoluble Al-P concentration. For B. polymyxa, however, a significant 
increase (p<0.05) was found in the colony growth diameter with increasing Al-P 
concentration. An increasing growth diameter of all PSB, except B. thuringiensis, was found 
when the N concentration increased, for B. polymyxa and P. putida even a significant 
increase was found. However, the effect of increasing P concentration was greater for the 
Fe-P treatment (max. increase of 3.08 mm) than for the Al-P treatment (max. increase of 
1.06 mm).   
 
An increase in Ca-P concentration reduced the colony growth diameter significantly 
for B. polymyxa (from 6.94 mm to 3.84 mm, Figure 5.3). 
Sand experiment 
The solubilization effect was dependent on the type of P compounds and the type of 
PSB added to the sand (Table 5.3). Large differences were found between the P solubility in 
the controls of the treatments. In the Al-P treatment, only B. brevis showed a trend of P 
solubilization, namely, a Pw value of 4.2 mg P kg
-1 compared with 3.2 mg P kg-1 for the 
control treatment. The Pw value found with B. thuringiensis-, P. putida- and P. corrugata-
inoculated samples decreased significantly (p<0.05) in comparison with the control 
treatment. All PSB were able to solubilise P when P was under the form of Fe-P. The Pw 
values for PSB inoculated samples varied from 0.7 to 1.6 mg P kg
-1 sand in comparison with 
0.6 mg kg-1 sand for the control treatment. The samples inoculated with B. brevis, P. putida 
and P. corrugata resulted in a significant (p<0.05) P solubilization effect for the Fe-P 





B. thuringiensis for the Ca-P treatment in comparison with the control. However, only P. 
putida (44.8 mg P kg-1 sand) was significantly different (p<0.05) to the control (35.4 mg P kg
-1 
 
sand), thereby proving to be an effective PSB in solubilising P in a high Ca-P environment. 
Table 5.3. Mean Pw values (mg kg
-1 sand ± standard deviation) measured after 10 days of incubation for the 
Al-P, Fe-P and Ca-P treatments in the sand experiment 
Treatment   Al-P Fe-P Ca-P 
Control 
 
3.2 ± 1.03   0.6 ± 0.22 35.4 ± 6.22 
B. brevis 
 
4.2 ± 1.72    1.3 ± 0.75* 30.7 ± 0.88 
B. polymyxa 2.6 ± 0.60  1.1 ± 0.77 33.6 ± 2.4 
P. putida 
 
0.6 ± 0.16**    1.5 ± 0.14*  44.8 ± 3.10* 
B. thuringiensis 0.6 ± 0.15**   0.7 ± 0.11 39.9 ± 7.95 
P. corrugata 0.6 ± 0.17**   1.6 ± 0.52* 34.6 ± 3.15 
*p<0.05, significantly higher than the control; **p<0.05, significantly lower than the control 
 
When the P was under the form of Al-P, the Plac values for the tubes inoculated with 
PSB ranged between 2.9 and 6.9 mg P kg-1 measured on the tenth day (Table 5.4). 
Significantly higher Plac values were found for B. brevis, P. putida and P. corrugata in 
comparison with the Plac value of the control. For the Fe-P treatment the results for Plac for 
the PSB inoculated samples varied between 38.8 and 40.7 mg P kg-1 measured on the tenth 
day. When comparing these results with the results for the control sample, no significant 
effects were found with PSB inoculation for the Fe-P treatment. PSB inoculation in the 
insoluble Ca-P treatments resulted in Plac values between 220.7 and 228.8 mg P kg
-1 on the 
tenth day. Within the Ca-P treatments, significantly higher Plac
 
 values than the control were 
found for P. putida, B. thuringiensis and P. corrugata. 
Table 5.4. Mean PLAC (mg kg
-1 sand ± standard deviation) measured on the tenth incubation day for the Al-P, 













Control 5.8 ± 1.1 
 
39.9 ± 2.8 
 
220.6 ± 2.2 
B. brevis 6.9 ± 1.6 
 
39.0 ± 2.1 
 
220.7 ± 3.4 
B. polymyxa 2.9 ± 0.1 
 
39.9 ± 2.6 
 
223.6 ± 2.6 
P. putida 6.8 ± 0.8 
 
39.3 ± 3.2 
 
228.2 ± 2.3 
B. thuringiensis 3.7 ± 0.2 
 
40.7 ± 2.3 
 
228.8 ± 6.0 
P. corrugata 4.9 ± 0.4 
 
38.8 ± 1.6 
 





The largest differences in pH, both between sampling dates and between the control 
and PSB treatments, were observed in the Al-P treatments (Figure 5.4). In the Fe-P 
treatments much smaller differences in pH were found between the control and the PSB 
treatments. However, for P. putida and P. corrugata, which were the most effective PSB, a 
decrease in the pH was found compared to the control. No significant decreases in pH were 
observed for the PSB inoculated Ca-P treatments compared to the control, although a 





















































































Figure 5.4. Changes in pH-KCl measured on the fifth and tenth incubation day in a sand medium for the 
control and the inoculated samples for the Al-P, Fe-P and Ca-P treatment (p<0.05, significance between the 









The Pw values ranged between 18.1 and 19.9 mg P kg
-1 for soil1 and between 33.8 
and 38.1 mg P kg-1 Table 5.5 for soil2 ( ). Significantly higher Pw 
Table 5.5
values than the control for 
soil1 (after week 2) were found with the single and dual inoculations of B. brevis and P. 
putida. We observed a small but significant decrease in pH in week 4 in all PSB inoculated 
soils ( ). The Plac ranged between 351.3 and 385.4 mg P kg
-1 for soil1 and between 
460.2 and 533.0 mg P kg-1 Table 5.5 for Soil2 ( ). Significantly higher Plac values were found for 
the inoculation with B. brevis than in the control for both soils. For soil2, a significantly 
higher Plac
 
 value was found with P. putida. 
Table 5.5. PLAC,PW and pH (mean ± stdev) at the end of incubation week 2 and 4 for soil1 and soil2 
 treatment 
Plac (mg kg
-1 soil) PW (mg kg
-1 soil) pH-KCl 
  Week 2 Week 4 Week 2 Week 4 Week 2 Week 4 
Soil1 
Control 370.4 ± 8.3 365.8 ± 7.3 18.1 ± 0.6 19.9 ± 0.5 5.01 ± 0.03 5.04 ± 0.02 
B. brevis 384.4 ± 5.9* 360.1 ± 4.3 19.3 ± 0.2* 19.6 ± 0.3 5.03 ± 0.01 4.99 ± 0.01* 
P. putida 371.4 ± 2.3 359.4 ± 8.9 19.2 ± 0.7* 19.9 ± 0.3 4.96 ± 0.04 4.93 ± 0.01*a 
B. brevis + P. putida 385.4 ± 3.2* 351.0 ± 5.1 19.8 ± 0.5* 19.6 ± 0.2 5.00 ± 0.01 4.94 ± 0.01* 
      
  
Soil2 
Control 466.1 ± 9.2 463.3 ± 7.6 35.3 ± 1.4 38.1 ± 0.3 4.23 ± 0.08 4.14 ± 0.01 
B. brevis 477.0 ± 0.3* 472.2 ± 2.7* 35.4 ± 0.5 36.5 ± 0.6 4.15 ± 0.01* 4.09 ± 0.01* 
P. putida 480.7 ± 6.3* 479.8 ± 6.1** 35.7 ± 0.2 37.5 ± 0.8 4.15 ± 0.02 4.07 ± 0.01* 
B. brevis + P. putida 533.0 ± 4.6** 460.2 ± 3.4 33.8 ± 2.2 36.2 ± 0.7 4.17 ± 0.03 4.09± 0.01* 
 *p<0.05,**p<0.01; significantly higher than the control, asignificantly different between two sampling dates
     
Discussion 
Growth media experiment 
Several methods have been used for screening the efficiency of PSB to solubilise P, 
but, almost all of these used low amounts of the insoluble P source in solid or liquid media. 
Additionally, all these studies used Ca-P as the sole source of P at a pH of 7 (Nautiyal, 1999; 
Mehta & Nautiyal, 2001; Rosas et al., 2006). In one study the solubilising efficiency of 
Burkholderia spp. was investigated on AlPO4 (Delvasto et al., 2008) and in another study, the 





the performance of PSB on insoluble Fe-P and Al-P and thus in media of acidic nature. 
Moreover, we used total added P concentrations that were much larger than in previous 
studies, because we wanted to mimic conditions in soils with high levels of phosphate 
saturation. 
 
Traditionally, the clearing/halo zone around the colony is used as an indicator for P 
solubilization (Mehta & Nautiyal, 2001). However, it has been reported that many fungi or 
PSB that did not produce any halo zone on agar plates (Delvasto et al., 2008; Collavino et al., 
2010), were able to solubilize insoluble inorganic phosphates in liquid medium (Leyval & 
Berthelin, 1989; Mehta & Nautiyal, 2001). Because the evaluation of P solubilization with the 
plate assay by halo zone is not always conclusive and because Malboobi et al. (2009) found 
that the active growth of bacteria corrolates well with P solubilization, the colony growth 
diameter of the PSB should be viewed merely as a first indication of the P solubilization 
potential, thereby proving that the halo zone is not the best indicator for P solubilization and 
more interest is given on the effect the treatment had on the colony growth diameter. An 
increase in the insoluble P concentration tended to have no negative effects on the colony 
growth diameters in the Fe-P and Al-P treatments. For the Ca-P treatment, a significant 
decrease in colony growth was found for B. polymyxa, suggesting that this species is not an 
effective PSB under high Ca-P conditions. B. brevis, P. putida and B. thuringiensis had higher 
colony growth diameters under high Ca-P conditions, showing that they were able to adapt 
and solubilise P in high Ca-P environments. Problems of P saturation and P leaching are 
mostly found in acidic sandy soils with high amounts of P associated with Al and Fe 
compounds. If PSB are to be effective in increasing P mining efficiency in such soils, it is 
important that they are able to solubilise Al-P and Fe-P and that they continue to be 
effective under conditions of high total P. Our results show that PSB were equally efficient in 
solubilising Al-P and Fe-P as in solubilising Ca-P. B. polymyxa performed even better under 
high insoluble Al-P and Fe-P treatments than under high insoluble Ca-P treatments. The 
ability of these PSB to grow and solubilise P under the specific conditions as imposed in this 







The increase in colony diameter following an increase in N concentration as observed 
for most of the PSB, indicates that environments with high N content are more conducive to 
proliferation of these PSB, which contradicts the findings of Nautiyal (1999). Exceptions to 
this were B. brevis in a Fe-P environment and B. thuringiensis in the Al-P environment. The 
improved performance of the PSB under higher N conditions would be a clear advantage for 
using them in P saturated soils. Indeed, such soils mostly have an overall high chemical 
fertility, including high mineral N availability as a result of e.g. mineralization.   
Sand experiment 
The sand medium provides an intermediary situation between the growth media 
(more realistic than growth media) and natural soil (sand medium allows more control over 
the experiment). The analysis of Pw provides a close approximation of the actual P 
concentration in the soil solution (i.e. directly plant available P), without creating an acidic 
environment and thereby avoiding an overestimation of the P solubilization for the insoluble 
Ca-P treatments. The Pw values for the Ca-P treatments were one order of magnitude higher 
than the Pw values for the Al-P and Fe-P treatments, which can be explained by the 
differences in solubility products of these P sources. The solubility product of Fe-P is 5 times 
smaller than that of Al-P and 60 times smaller than that of Ca-P. B. brevis, P. corrugata and P. 
putida prove to be the most effective PSB in solubilization of fixed P to Al or Fe out of the Pw
 
 
results. The most effective PSB here are consistent with the ones that were most efficient in 
the growth medium experiment.  
The inoculation with PSB did not always increase Plac values as compared to the 
uninoculated control samples. This could be explained by a temporal P immobilization by the 
PSB, which would imply that the P is solubilised, yet not in the soil solution. The fact that B. 
polymyxa and B. thuringiensis are solubilising less P in the Al treatment could be explained 
by Al toxicity for these PSB, which is in agreement with the results of an Al toxicity test done 
on Bacillus sp. (Davis et al., 1971). This indicates that Pseudomonas sp. are able to survive in 
media with high Al amounts, which is in agreement with the findings of Illmer & Shinner 
(1999). PSB are efficient for P mining in high total P conditions. Almost always an increase in 
Plac was found over time indicating the continuity of the P solubilization efficiency of the 





P treatments which is in agreement with results from other experiments using Ca-P (Manna 
et al., 2001; Kuiper et al., 2002; Villegas & Fortin, 2002). These PSB were most efficient for 
both experiments, the growth medium and the sand experiment, thereby confirming that 
the colony growth diameter of the PSB is an indicator for testing the P solubilization 
efficiency of the PSB. 
 
A decrease in the pH after inoculation with PSB has been considered as one of the 
mechanisms by which the PSB transform the insoluble Ca-P into a plant available P form 
(Illmer et al., 1995; Nautiyal, 1999; Gyaneshwar et al., 2002). It has been found that P. putida 
solubilises P by lowering the pH as a result of organic acid production (Vyas & Gulati, 2009). 
This was also confirmed with a significant decrease in pH for the samples with inoculation of 
P. putida for Al-P and for the Ca-P treatments. However, no correlation was found between 
the pH and the P solubilization for the Fe-P treatments. The absence of correlation in the 
case of Fe-P might indicate that other mechanisms such as chelation and/or ligand exchange 
were more important than a decrease in pH (Whitelaw, 2000; Gyaneshwar et al., 2002). 
Soil experiment 
An increasing trend in plant available P (Plac) was found for both of the acidic sandy 
soils with PSB inoculation compared to the control, except after week 4 for soil1, but the 
effects were more pronounced in soil2 which had a higher total P content. This confirms that 
PSB are able to solubilise P in soils rich in total P. The relatively higher values of Plac
 
 for soil2 
inoculated with P. putida compared to the control can be explained by the better adaption 
of P. putida to lower pH conditions (Villegas & Fortin, 2002). 
The dual inoculation of P. putida and B. brevis was more efficient in P solubilization 
than the control and mostly more efficient than separate inoculation. Our results are in 
agreement with other research, where dual inoculations (mainly using PSB and fungi or N 
fixing bacteria) are reported to perform better and have a higher P availability than found for 
separate inoculation (Kim et al., 1998; Rosas et al., 2006). 
 
The efficiency of the PSB to solubilize P, was found for both methods Pw and Plac. This 





P in the soil and Plac
 
 indicates P availability for the plant, two indicators which are important 
for P mining of soils. 
PSB are known for lowering the pH of the inoculated media by producing organic 
acids (Rodriguez & Fraga, 1999; Arcand & Schneider, 2006), which was also found in our 
results. However, the differences in the soil experiment were smaller than in the sand 
experiment because of the buffering capacity of the soil. The absence of a significant 
correlation effect between lowering of pH and increase in Plac
Conclusions 
 indicates the possibility that 
the PSB solubilise P in these acidic sandy soils in a different way. According Arcand & 
Schneider (2006) and Vyas & Gulati (2009) PSB also solubilize P through chelation or ligand 
exchange as a result of organic acid production. 
The present study examined the P solubilization efficiency of PSB under high 
insoluble P conditions. In a growth media experiment all five tested PSB species were able to 
grow on all the different growth media, i.e. the tested PSB were able to adapt to high 
insoluble P conditions. When the same PSB were inoculated in sand, to create more realistic 
conditions, they proved again to be able to solubilise P in high P conditions. Addition of B. 
brevis, P. putida and P. corrugata resulted in significantly higher available P concentrations 
than in the control. Especially B. brevis and P. putida exhibited the most promising capacities 
to solubilise P in high insoluble P conditions. This was especially true in the Al-P and Fe-P 
treatments, which indicates their ability to solubilise P in acidic sandy soils with a high total P 
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During the last decades eutrophication of surface and groundwater has become a 
focus point for the European Union, and the European member states have to tackle 
eutrophication and counteract the consequences of eutrophication through the 
implementation of a number of Directives (Haygarth et al., 1998; Foy, 2007). As elaborated 
in the introduction (Chapter 1) it is known that phosphorus (P) plays a crucial role in 
eutrophication, which can be caused by point and non-point sources. Flanders has already 
taken efficient measures to tackle the point source pollution, however a lot of problems 
remain with the non-point sources such as the transfer of P from agricultural land to the 
water bodies. Until the early 1990s, there has been very little research conducted on P 
transfer from agricultural land. As the potential linkages between agricultural intensification, 
increased P concentrations in land runoff and eutrophication became widely appreciated 
(Withers & Haygarth, 2007), an extensive survey was done from 1995-1997 (in Flanders) to 
quantify the accumulation and the (potential) loss of P. For acidic, light textured soils the 
relationship between the P saturation of the profile and the concentration of 
orthophosphate at groundwater level was given by Van der Zee et al. (1990a). If an 
orthophosphate concentration of 0.1 mg L-1
 
 at the base of the profile is postulated as a 
lower limit for eutrophication, the P saturation of the whole soil profile should be less than 
24%.  
The evolution of the ortho-P concentration in large water bodies and in small 
catchments in agricultural areas (MAP measuring points) shows a decrease in the large 
water bodies from 1999 until now (Figure 6.1), mainly as the result of a reduction in the P 
loads point sources e.g. waste water treatment. However, since 2000, hardly any change is 
noticed in the ortho-P concentration in the small catchments and since 2003 these values 
have been consistently higher than the concentrations found in the large water bodies. This 
indicates that diffuse P losses from agricultural land have become more important than P 
input from other sources such as industry and households (Overloop et al., 2012). Clearly 









Figure 6.1. Evolution of the ortho-P concentration in the large water bodies and the MAP measuring points 
(Overloop et al., 2012) 
 
In this study, we have focused on two main aspects of P leaching problems. The first 
aspect is the recent evolution of P saturation in a selection of acidic sandy soils in Flanders, 
and the calculation of P losses from acidic sandy soils as an alternative for potential P 
leaching losses (as given by the PSD). The second aspect is the potential of a number of novel 
mitigation options aimed at i) reducing further leaching of P from the surface layers and ii) 
increasing the removal rate of P by the use of PSB. One crucial point that was not 
investigated here was the efficiency of specific crop rotations in removing P from soil by 
normal crop P uptake. This point will also be discussed here to some extent. We are not 
aware of additional mitigation options available at this moment (apart from specific 
measures that can be taken on drained fields) that could help in permanently reducing P 
leaching risks from these soils. The two main aspects of this study will be brought together 
and critically discussed here, including the general potential of biological P mining in general. 
  




Has the legislation in place between 1999-2010 been effective in 
stabilizing or decreasing the PSD level of agricultural soils? 
A first objective was to investigate and quantify the present P status and the 
evolution of PSD in agricultural soils in Flanders. A large scale survey of P saturation of acidic 
sandy soils was done from 1995-1997 (VLM, 1997). Based on these results a classification 
was made of the P saturated soils in Flanders with a soil being legally P saturated with a PSD 
> 40% (leads to an orthophosphate concentration of 0.2 mg l-1 
 
at the base of the soil profile). 
The soil was classified as P critical with a PSD > 30% and soils were classified as not P critical 
and not P saturated with a PSD < 30%. In 2009 some data of the same survey were 
reanalysed and stricter limits in terms of P saturated soils were defined (namely a soil was 
considered as legally P saturated when the PSD > 35% and as P critical when the PSD > 25%). 
During 2009-2010 a new, limited sampling campaign was performed on 21 fields to re-
evaluate the PSD (chapter 2). This allowed to evaluate whether the legislation in place 
between 1999-2010 had been effective in stabilizing or reducing the problem of P saturation 
of these soils. It also allowed to investigate if the PSD values, that have been inventorized 
more than 15 years ago, can still be considered representative for the current situation. A 
significant change in PSD over this period could have important implications for policies 
aimed at reducing diffuse P losses and protecting the water quality. 
The results of Chapter 2 indicated that the PSD of the limited selection of fields did 
not improve between both sampling campaigns, on the contrary, rather an increase was 
observed. Moreover, it was found that the process of P leaching through soil is probably 
occurring at a much higher pace than initially thought. The leaching of P to deeper soil layers 
has implications for the P uptake by plants, because roots are generally more abundant in 
surface soil layers, more root surface area is exposed to available soil nutrients and the 
highest amount of P  is taken up there (Koopmans et al., 2004b). If P is leached to layers 
which are unreachable for roots the only option is by fixing P on P fixation elements such as 
Al and Fe. The presence of these elements, generally, also decreases with depth, which 
makes the potential to withhold the leached P highly unlikely. This implies that P will 






With these conclusions in mind the question arises whether the decrease of available 
P as reported by Overloop et al. (2011) (Figure 1.2) is really a step in the right direction in 
terms of P saturation, or rather that this decrease is a result of P leaching to deeper soil 
layers. The fact that ortho-P concentrations in surface waters are not improving seems to 
confirm this latter hypothesis (Figure 6.1).   
 
The second objective was to identify the critical areas in terms of P leaching by using 
the PLEASE model. As stated above the P saturation status of a field in Flanders, like in 
several other countries, is determined based on the PSD. However, the PSD merely gives a 
potential risk of P loss, but does not give actual leaching since e.g. the hydrological 
conditions are not fully considered. A possible way of calculating the real P leaching risk is by 
modelling the P loss taking both the soil and the hydrological conditions into account. 
However, a lot of the current P models either ignore P leaching or treat it in a simplistic 
manner (Radcliffe & Cabrera, 2007). For example ANSWERS-2000, WEND-P and EveFlow do 
not model P leaching. SWAT (Soil and Water Assessment Tool) uses a field-capacity water 
balance approach to estimate vertical flux of water within the soil profile, whereby the 
concentration of P in leaching water is determined by the labile P concentration in the top 
soil layer only (Radcliffe & Cabrera, 2007; Schoumans et al., 2009). On the other hand, a 
comprehensive process oriented simulation model, like STONE, needs a large number of 
input parameters, which is not cost effective and makes it unpractical to be used on a large 
scale (Schoumans et al., 2009; Schoumans et al., 2013).  
 
At this moment, in Flanders, the nutrient input loads (N and P) in the surface waters 
are calculated using the SENTWA model. The SENTWA model (system for the evaluation of 
nutrient transport to water) is a semi-empiric, deductive emission model to quantify the 
nutrient loads to surface waters, including the spatial variation in the nutrient loads and 
concentrations. The contributing sources and their dependence on rainfall and catchment 
characteristics are implemented in a conceptual way. One of the biggest weaknesses in the 
current SENTWA model, however, is the poor implementation of existing knowledge on N 
and P transformation processes making the model quite inelastic to changes in the 
management. Therefore it is not the most optimal tool for policy making (Peeters et al., 
2009). Presently a new nutrient emission model based on Arcgis software, Arc-NEMO, is 




being developed in Flanders. This model will try to calculate the water, N and P balance of 
the soil in agricultural areas and the transport of N and P of these areas to surface waters. 
 
The PLEASE model, a simple mechanistic model, calculates a P concentration based 
on the P status of the soil and a lateral water flux profile, which is based on the net 
precipitation surplus, information of the mean highest and mean lowest groundwater depth 
(Schoumans et al., 2013). Next to the important advantage of needing only a rather limited 
data input, the model was proven already to perform well on (acidic) sandy soils in The 
Netherlands. Therefore in this study the PLEASE model was used on a regional scale in 
Flanders. With the modelled actual P loss a map of P saturation classification was made for 
the acidic sandy region and compared with the current map of P saturation classification 
according to the PSD (Chapter 3). By using the PLEASE model, the relative percentage of 
fields categorized as P critical decreased with 13%, but the relative percentage of P saturated 
fields increased with 9%. There were 4% more fields classified as being not P saturated or P 
critical. The hydrological conditions have an important effect on P leaching, e.g. fields having 
a low or medium PSD but being located in areas with a high groundwater table are 
sometimes more susceptible to P leaching than fields with a high PSD and a low 
groundwater table. These differences indicate that the way of determining P saturation is 
important in terms of policy making. Therefore the most optimal legislation should be based 
on a combination of P content in the soil (PSD) and on the hydrological conditions (PLEASE 
model). To obtain the most optimal results with the PLEASE model it is advisable to adapt it 
to the specific local conditions and to include Pw
 
 determination in the standard analysis of a 
field together with the PSD determination because it is a crucial model input. To have the 
best results possible it is necessary to invest in easy accessible data that can be used as input 
parameters of the PLEASE model.  
From the above results we conclude that the legislation in place between 1999-2009 
has not been efficient in stabilizing or decreasing the PSD levels. Using only the limit of P 
saturation, namely PSD > 40% (1999-2011) and PSD > 35% (2011-current), as a decision 
parameter for fertilization rules is not adequate enough. A further restriction of the P 






Can excessive P leaching in P saturated soils be reduced efficiently 
with amendments with P fixation capacity? 
Since the European Union counts on a significant amelioration of the P concentration 
in the surface water it is important to take measures that produce a quick and adequate 
response. The quickest effect on the water quality can be expected when a decrease or a 
standstill in P input to the surface water is obtained. This could be realised through 
increasing the P fixation capacity of soils, i.e. creating a barrier which prevents P leaching to 
deeper soil layers. In this study we screened several mineral salts, primary and secondary 
minerals, Fe-sludge and specially designed products for their potential to fix P in the soil. The 
Fe salts showed to be most efficient, next to chemically pre-treated minerals together with 
dried Fe-sludge and Phoslock® R3 in terms of P fixation (chapter 4).  
 
The addition of Fe and Al salts is commonly used in water treatment, but also the 
other products investigated in this study have been used mainly for P fixation in water (Buda 
et al., 2012; Meis et al., 2012; Uusitalo et al., 2012a; Wium-Andersen et al., 2012). Yet until 
now little research was done on their P fixation capacity in soils (O'Connor et al., 2005; 
Agyin-Birikorang et al., 2007). Before implementation on a large scale some questions need 
to be answered. First it is important to assess the large scale availability of these products. 
Olivine is accessible for mining at many locations on various continents (ten Berge et al., 
2012). Within Europe, huge reserves are accessible in Norway, Sweden, Spain, Italy, Austria, 
Greece, Cyprus and Turkey (Schuiling & Krijgsman, 2006). Huge beds of zeolite-rich 
sediments, formed by the alteration of volcanic ash in lake and marine waters are located in 
the western United States, Turkey, Eastern Europe,.... These beds were found to contain as 
much as 95% of a single zeolite and can easily be mined by surface methods (Mumpton, 
1999). Next to the wide availability and easy exploitation of olivine and zeolite these 
minerals are already commercially available as liming product (olivine) or as catalyst and 
fodder additive (zeolite). However, when using these minerals for P fixation in the soil an 
additional cost of chemical pre-treatment may have to be considered (in this study they 
were pre-treated with 1M HCl for 1h). Before putting this into practice on a large scale 
additional research is necessary to optimize this pre-treatment, thereby investigating the 
possibility to reuse the HCl and/or use other, less corrosive acids. 





The specially designed products are also already commercially available but their 
price may be prohibitive. Sachtofer costs 100 euro ton-1, amounting to 2200 euro per ha and 
6200 euro per ha for addition rates R2 (0.5%) and R3 (1.5%), respectively. Phoslock® is 
extremely expensive with a price between 2500 and 3500 euro ton-1 and thus excluded from 
use for this reason. The Fe sludge used in this study is a by-product of a waste water 
treatment plant where the Fe sludge is currently transported to a biogas plant. If it would 
become marketable in the future it could be an economically interesting product, 
representing a win-win situation for the waste water industry and the agricultural sector. 
However, Fe sludge contains a substantial amount of P (Chapter 4). The results showed that 
Fe sludge is able to fix the soluble P in the soil without any doubt which means that the 
added P is in a non available form. But this would be at odds with the perspective of bringing 
the soil to an environmentally safe P level. Therefore it can be expected that the application 
of Fe sludge will be problematic within the current nutrient legislation. On the other hand, it 
has to be considered that in this fixation experiment the Fe sludge of only one waste water 
treatment plant was investigated, and that possibly Fe sludge produced in other waste water 
plants may have different P concentrations. Indeed, in other studies where Fe sludge was 
used concentrations of 2.6 g P kg-1 (Chardon et al., 2012) and 3.12 g P kg-1 (O'Connor et al., 
2005) were found, which is higher than the 1.7 mg P kg-1 
 
 in our study.  
Fe sludge or Fe coated sand can still have an important role in tackling the 
eutrophication caused by P in directly removing P in drainage water. The removal of 
particulate P in drainage water can occur in constructed wetlands, yet an effective 
constructed wetland requires a size that can be problematic in regions with intensive 
agriculture and high land prices (Chardon et al., 2012). Hence, new measures are needed to 
provide immediate water quality protection while occupying little agricultural land 
(Groenenberg et al., 2013). A way to do this is to envelope the pipe drains with Fe coated 
sand. Results in The Netherlands showed that enveloping a pipe drain with Fe coated sand 
resulted in an average dissolved reactive P removal of 94%, resulting in effluent 
concentrations that were below 0.15 mg total P L-1
 
 (Groenenberg et al., 2013). This 





The use of olivine also provides an opportunity for C sequestration. Olivine forms a 
complete solid solution series between the Mg end member, forsterite and the Fe end 
member, fayalite. Olivine will react with carbon dioxide (CO2) and form other phases, 
including carbonate minerals (Olsson et al., 2012), resulting in C sequestration on a 
geological time scale. The pathway for mineral sequestration follows two main steps: first, 
cations must be liberated from the crystal structure of an appropriate silicate mineral and 
then, they must combine with CO2
 
 (Olsson et al., 2012). Other research pointed out that 
enhancing the weathering by grinding  the minerals increases the process of C sequestration 
(ten Berge et al., 2012). These findings together with the findings of this study make olivine a 
particularly attractive product to treat acidic sandy soils with high P content. Not only would 
it tackle the P saturation problem of the fields but it would lead to durable C sequestration 
thereby making it possible for agriculture to realize an important reduction with respect to 
greenhouse gasses emissions. 
The results of this study are promising but further research is necessary. When 
treating the soil with the above mentioned products it is important to consider that they 
may contain pollutants. For example, when Phoslock® would be added to the soil and it is 
already added to lakes in order to reduce P loads, high amounts of La are also added, 
however the effects of La on the environment, both on short and on long term, have not yet 
been investigated. Research has also to be performed on the effect of substantial Ni 
additions to the soil, since a relatively fast release of bio available Ni from olivine into the 
food chain and the wider environment could set limits to permissible olivine doses. Ten 
berghe et al. (2012) found an increase of Ni concentration in grass (from 0.53 to 0.69 mg Ni 
kg-1), already at a dose of 1630 kg olivine ha-1
 
, which implies that, when olivine is used in 
agricultural systems, the Ni accumulation in the soil and plants must be well monitored and 
remain within certain limits (ten Berge et al., 2012). Therefore long term field studies are 
required to fully grasp the possible impact olivine has on the environment. 
As a conclusion it can be stated that indeed it is possible to efficiently reduce the P 
leaching in P saturated soils by adding amendments with P fixation capacity. This is a good 
short term mitigation option since the P leaching to deeper soil layers is reduced drastically. 
However, on the long term excessive amounts of P remain in the soil and there is actually no 




indication on how long the P fixation capacity of the products will last. Therefore this should 
be combined with definite mitigation options that efficiently extract the excessive P amounts  
from soil. An option is through biological P mining. 
Are PSB able to solubilize P under high P conditions? 
A way to remove the excessive amount of P from the soil is by phytoextraction or P 
mining. P mining of the soil by plants, which includes harvesting P taken up from the soil by a 
crop grown without external P application, has been seen as a possible management 
strategy for P enriched soils (Koopmans et al., 2004b). It is known that the plant P uptake is 
strongly influenced by rhizosphere solution conditions and that root activity can modify the 
chemistry of the rhizosphere thereby altering P availability and uptake (Wang et al., 2004).  
Upon P removal from the soil solution by plant uptake, a fast initial desorption reaction for P 
adsorbed to surface sites of Al- and Fe-(hydr)oxides is expected (Van der Zee et al., 1987). 
Desorption of P bound inside Al- and Fe-(hydr)oxides followed by diffusion of P to the outer 
layers of the aggregates, can replenish the decrease of P adsorbed on surface sites (Barrow, 
1983). Because intra-aggregate diffusion is slow, this P becomes available again only in the 
long term (Koopmans et al., 2004a). Next to the slow replenishment another obstacle for P 
mining by plants has to be considered. Namely, the maximal desorption rate will not be 
reached for soil aggregates that are not in direct contact with the roots, due to the transport 
limitations in the soil matrix. This may cause the build up of a P concentration gradient 
toward the root, limiting further P desorption (Jungk & Claassen, 1997; Koopmans et al., 
2004a). Therefore the achieved P uptake rates are low for common row crops and forage 
grasses (Whitehead, 2000). Van der Salm et al. (2009) found a decreasing trend in the P 
exported over time with a P mining experiment from a grassland on a sandy soil with a high 
P content (Table 6.1). This indicates that the mining efficiency drastically deceases over time 
due to a decline in the dry matter production of the grass. They also found that the P off-
take of the plots with a surplus of 0 kg P ha-1 yr-1
Table 6.2
 was almost similar to the P off-take on the 
mining plots. The average P surplus of the surplus plots was generally higher than expected 
during their experiment, which indicated that no P mining was done on the fields that still 
received P ( ). Furthermore Van der Salm et al. (2009) also found only a reduction of 
soil P in the top soil layer (0-0.05 m) which indicates that the effects of P mining on P 






Table 6.1. Amount of P exported  in kg P ha-1 yr-1 (also given in P2O5) with grass from a sandy soil based on 
the results of a mining experiment performed by van der Salm et al. (2009) 














14.7 2.80 41.2 94.3 
2003 10.6 2.90 30.7 70.4 
2004 11.5 3.10 35.7 81.7 
2005 14.6 3.00 43.8 100 
2006 7.80 3.00 23.4 53.6 
 
Table 6.2. Average P off take by grass and P surplus (2002-2006) at the mining plots and the P surplus plots 
for a loamy sand soil and a sandy soil (van der Salm et al., 2009) 
 P off take (kg P ha-1 yr-1 P surplus (kg P ha) -1 yr-1
 
) 
Loamy sand soil Sandy soil Loamy sand soil Sandy soil 
Mining 35 35 -32 -35 
P0 31 33 5 4 
P9 32 37 13 12 
*P0 means a P surplus of 0 kg P ha-1 yr-1 and P9 means a P surplus of 9 kg P ha-1 yr
 
-1 
Therefore it is felt that the current cropping systems will require a long period, 
several decades, to reduce the high P concentrations to an environmentally safe level, and 
further research is needed to increase P mining efficiency (Koopmans et al., 2004b; Sharma 
et al., 2007).  
 
A possible option to increase P mining efficiency, leads to the third hypothesis of this 
study, namely “are phosphate solubilizing bacteria (PSB) able to solubilize P under high P 
conditions?”. As stated in Chapter 5 until now PSB are only used on tropical or calcareous 
Mediterranean soils with a low P content (Gyaneshwar et al., 2002; Sundara et al., 2002; 
Welch et al., 2002; Wan & Wong, 2004). Under such conditions it was found that the PSB 
were able to solubilize P making it plant available.  
 
No research has been done on the P solubilizing efficiency of PSB under acidic 
conditions with high P contents, which are mostly fixed on Al and Fe (the conditions found in 
the acidic sandy region of Flanders). The results of chapter 5 showed that the tested PSB 




were able to adapt to high insoluble P conditions and to solubilize P. Significantly higher 
available P concentrations than in the control were found with the addition of B. brevis, P. 
putida and P. corrugata. Especially B. brevis and P. putida exhibited the most promising 
capacities to solubilise P in high insoluble P conditions where the P is fixed with Al and Fe, 
which indicates their usability in Flanders. 
 
The PSB have the potential to accelerate the P mining process. As discussed above a 
decrease in extracted P is found over time with P mining because of the slow replenishment 
of the adsorbed P by diffusion of P. The PSB have their own mechanisms to solubilize P such 
as the production of organic acid and the release of H+
 
 ions for solubilization of inorganic 
(mineral) P and the release of enzymes that mineralize organic P. These PSB are commonly 
found in the rhizosphere (Kim et al., 1998). Therefore, further research is necessary on these 
solubilization processes and the working mechanisms of enzymes such as phytase to 
completely understand their working and to have accurate values on the improvement of 
crop P uptake with the interaction of PSB in the soil and considering the climatologic 
conditions in Flanders.  
Further research to evaluate the effect of PSB in bigger pot experiments and under 
more realistic field conditions has to be done. In collaboration with Hogent already one 
bigger pot experiment (using 1.5 kg soil) where PSB (a mixture of B. brevis, P. putida and P. 
corrugata) were inoculated on 3 soils with a range of total P content and cropped with grass 
(Lolium perenne) was set up. Preliminary results indicate an increase in the P availability to 
the growing crop, demonstrating the potential of PSB inoculation for increasing P depletion 
rates by grass in soils high in P. In the discussed experiments, only a limited number of PSB 
were tested, which were, according to literature, the most optimal PSB. Since the data 
gathered from the literature were based on results found on other soil (types) and in other 
climatic conditions it could be possible that other PSB perform equally good or even better 
under the circumstances of Flanders. Through isolation of bacteria from native soils and 
testing them on their P solubilizing capacity it could even be possible to work with bacteria 
that are better adapted to the local circumstances and realise an even higher optimization of 






The solubilization of P by PSB can be the key to the solution to keep allowing 
intensive agriculture on the P saturated soils. To reach the environmental standards set by 
the European Union, the P fertilization rules will become more strict, even zero P application 
in some areas is a possible outcome. In these areas PSB could provide the necessary P for 
achieving the desired crop yields and at the same time decrease the P content in the soil.  
 
However, to optimize the biological P mining, it is important to know the accurate P 
amounts which have to be brought on the agricultural fields on one hand and the amount 
which is exported from the fields on the other hand (Figure 6.2). The difference between the 
inputs and outputs is the surplus in the soil P balance and can be seen as a measure for 
potential pollution of the environment (Lenders et al., 2011). The soil balance is only as 
precise as the data used in the P balance. Especially the data of the P export by plants or by 
crop rotations, the plant P uptake, is the most crucial element in the soil P balance. A small 
estimation error in the plant P uptake leads to a large error of the P balance. These data are 
at this moment not or only limited available in Flanders. Therefore the data of the USDA 
national nutrient database are used in the soil balances for Flanders (Lenders et al., 2011). 
However, compared to the US the soil conditions, e.g. historical P saturation and agricultural 
practices, are different in Flanders. Therefore, the negative P balance of 0.5 million kg P 
found for the agriculture in Flanders in 2009 can be questioned. These factors demonstrate 
the need for more accurate data on all inputs, above all crop P uptake and removal, to 
obtain a more reliable P balance. 
 





Figure 6.2. Schematic overview of the soil balances in Flemish agriculture in million kg P in 2009 (adapted 
from Lenders et al. (2011)) 
 
Since there are still a lot of problems in terms of P leaching (Figure 6.1, chapter 2 and 
3) the allowed amount of P fertilizer has to decrease. Moreover, a recent study indicated 
that a general reduction of fertilization is feasible since a (much) higher amount of P is 
advised to the farmers in Flanders than in 22 other countries with a comparable high 
amount of plant available P in the soil (Jordan-Meille et al., 2012). Stricter maximum 
allowable P fertilization amounts have been implemented in the new Manure Action Plan 4 
(MAP4) (Table 6.3). In not P saturated areas a gradual decrease in the maximum P amount 
which can be given is stipulated. This will result in a small P mining in 2017-2018, since the 
allowed amount of P fertilization is estimated to be lower than the P removal by crops. For P 
saturated soils (PSD > 35%) the maximum P2O5 application standard is 40 kg P2O5 ha
-1. 
Contrary to the N application standards (based on a parcel approach), the maximum P2O5
 
 








Table 6.3. Proposal for maximum allowable amounts of P2O5 application in the entire territory of Flanders, 
except for the 4.400 ha in areas with a phosphate saturation degree (FVG) of more than 35% with a 95% 
degree of certainty where a maximum application standard of 40 kg P2O5 ha
-1 is proposed for all crops; and 








Proposal maximum allowable amounts of P2O5 application 
(kg P2O5 ha
-1) 
2011-2012 2013-2014 2015-20161 2017-20181 
Grassland mowing 
(+ sod) 
97 95 95 95 90 
Grassland 
(Mowing + grazing) 
91 90 90 90 90 
1 cut of grass* + maize 108 95 95 95 90 
Silage maize 83 80 80 75 70 
Corn maize 79 80 80 75 70 
Winter wheat 
(Triticale) 
82 75 75 70 70 
Winter barley + other cereal 
crops 
74 75 70 70 70 
Fodder beets 60 75 65 55 55 
Sugar beets 59 75 65 55 55 
Potatoes  
(except early potatoes) 
58 75 65 55 55 
Vegetables, crops with low N-
demand, leguminous crops 
and other crops 
no data 75 65 55 55 
P2O5 mining of the soil 
 (kg P2O5) 
 519.557 1.223.347 2.991.307 
No P mining 
4.357.972 
P mining 
* Rye, used as fodder crop (field removal), can be an alternative for 1 cut of grass 
° This is the crop export of 2009. The crop export will be recalculated in 2014 on the average yield anno 2014.  
1Not yet decided 
 
To conclude, the results of this research indicate that there are still (large) problems 
in terms of P saturation in the acidic sandy region in Flanders. Lowering the P fertilization 
alone will not solve the problem on a short or even medium term, since the P saturation is a 
historical problem. This research however has given two alternatives that can help reaching 
the European standards allowing at the same time to continue intensive agriculture on these 
soils. First by fixing P in the soil to stop P leaching to deeper, less plant accessible, soil layers, 
then by making the previously fixed P plant available by using PSB, thereby mining the soil 
and providing in the crops’ P needs. This type of management practices would help to create 
a more closed P cycle in agriculture, dealing with the historical problem and finally improving 
the image of the agricultural sector by tackling various environmental issues. 
 




Ultimately it has to be noticed that this study is only performed for the acidic sandy 
region because P leaching problems are primarily found on these soils. Other not acidic or 
not sandy soils were not investigated since it was assumed that there are no problems of 
possible P leaching to ground- and surface water. However, until now no results exist on P 
leaching research in heavy textured or calcareous soils. Since intensive agriculture is also 
done in these areas it is advisable to investigate the possibility of P leaching in these soils 
and, if needed, the possible measures that can be taken to solve these issues. Only then, the 


























The last decades the European Union is trying to tackle the problem of 
eutrophication. Eutrophication can be defined as the enrichment of water by nutrients 
causing an accelerated growth of algae and other aquatic plants, thereby decreasing the 
ecological quality and biodiversity of the aquatic system. Enrichment of nutrients can be 
interpreted as an increase in the nitrogen (N) and phosphorus (P) content of the water 
bodies. A lot of research has been done about the N mechanisms and N leaching from soil to 
ground- and surface water, but up to date little is known about the P mechanisms and P 
leaching from soils. This partly because, until some years ago, P was thought to be fixed in 
the soil. However, through repeatedly adding excessive amounts of P fertilizers the soil 
became P saturated entailing the risk of P leaching to deeper soil layers. 
 
This problem is especially an issue for acidic sandy soils and since a lot of intensive 
agriculture is done on these soils in Flanders, the P problem is prominent here. A large scale 
survey was conducted from 1995 to 1997 to determine their P saturation according to the 
protocol of Van der Zee. These results were used as the base for all legislation in terms of P 
fertilization. This legislation became more severe in 2009 namely a soil was legally classified 
as P saturated when it had a PSD > 35% (> 40% in 1999), and as P critical if the PSD > 25%    
(> 30% in 1999). The first part of this study investigated whether the legislation in place is 
effective in stabilizing or decreasing the PSD in Flanders. Therefore, in 2009-2010, a small 
sampling campaign was done on 21 selected fields to investigate the evolution in their PSD. 
The results showed a general increase of the PSD instead of an equal or a lower PSD when 
compared to the ones of almost a decade ago. Moreover a downward P movement was 
found, indicating that P, similar to N, is also leaching to deeper soil layers, but over a longer 
time period. Both findings led to the conclusion that current legislation or methodology of 
determination of P saturated areas is insufficient to deal with the P leaching problem.  
 
Since P is leaching at a rapid paste and therefore reaching deeper soil layers much 
faster than expected, the hydrological conditions, such as the height of the groundwater 
table are an important factor. However, these are not sufficiently incorporated in the P 
saturation determination by the PSD concept. Moreover it is also preferable that the 
determination can be done with a minimal number of data inputs. Therefore the PLEASE 





(acidic) sandy soils in The Netherlands was used. After some modifications to optimize the 
model for the Flemish circumstances, a sensitivity analysis was done. It revealed that Pw
 
 and 
the net precipitation (NP) were the input parameters that caused the most uncertainty in 
the model. Therefore they should be acquired in the most optimum manner. Finally, when 
comparing the classification of P saturated fields based on the results of the PLEASE model 
with the current classification based on the PSD some important changes on local scale were 
found. The risk of P leaching caused by hydrological conditions, which are for the moment 
not enough considered in Flanders, can be substantial and should be taken up in the process 
of making new restrictions and rules. 
The analysis of the P leaching problem is important but also the search for mitigation 
options to deal with it is crucial. This is done in the second part of this study. Primarily, it can 
be considered to add P fixating products to the acidic sandy soils to increase the P binding 
capacity of the soil, thereby decreasing or stopping the P leaching to ground- and surface 
water. Results indicated that Fe salts, chemically pre-treated minerals, dried Fe sludge from 
the waste water treatment and Phoslock® were able to fix the P most efficiently in several 
soils with a range of P concentrations. The P fixation experiment showed that the PSD of a 
soil is not always the best indicator for the P fixation efficiency of the products. These results 
are promising in tackling the P problem in a short time, since these products allow to store 
the P in the upper soil layers through fixing it there.  
 
This is already a step forward in terms of tackling the eutrophication caused by P but 
is no long term solution, since an excessive amount of P is still located in the soil. This fact 
together with the still increasing prices for P fertilizers has led to the third part of this 
research and the second mitigation option, namely making P more plant available by adding 
phosphate solubilizing bacteria (PSB) to the soil. These PSB are already successfully used in 
tropical, calcareous soil with a low amount of available P but with the presence of phosphate 
rock. In this research 5 PSB of the Bacillus and Pseudomonas species were tested on several 
growth media with high insoluble P contents fixed to Al and Fe and these PSB all proved to 
be able to adapt to these circumstances and to solubilize P. Afterwards they were tested in a 





of the tested PSB the Pseudomonas putida and Bacillus brevis performed best in high P 
concentrations, indicating their potential to be used in the acidic sandy soils of Flanders.  
 
When both mitigation options are used together, namely first fixing the P in the top 
soil layer and afterwards using this fixed P as fertilizer for the crops by making it plant 
available it would create a long term solution for the P saturated soils. These soils would 
stop leaching P on a short term and would be mined on the long term, also allowing to avoid 
using additional P fertilizers and therefore making it a profitable alternative for agriculture 
and beneficial for the environment.  
 
  
















De Europese Gemeenschap probeert gedurende de laatste tientallen jaren het 
eutrofiëringprobleem aan te pakken. Eutrofiëring kan gedefinieerd worden als de aanrijking 
van water door nutriënten die bijgevolg een versterkte groei van algen en andere 
waterplanten veroorzaken waardoor de ecologische kwaliteit en de biodiversiteit van het 
water vermindert. Aanrijking door nutriënten kan gezien worden als een toename van de 
hoeveelheid stikstof (N) en fosfor (P) in het water. Er werd reeds veel onderzoek verricht 
naar de N mechanismen in en de N uitspoeling uit de bodem naar grond- en oppervlakte 
water, maar tot op vandaag is er weinig geweten over de P mechanismen in en de P doorslag 
van de bodem. Dit wordt gedeeltelijk veroorzaakt door het feit dat, tot een paar jaar terug, 
er van uitgegaan werd dat P door de bodem werd vastgehouden. Maar door het 
herhaaldelijk toedienen van hoge hoeveelheden P meststoffen is de bodem P verzadigd wat 
een potentieel risico op P uitspoeling naar diepere bodemlagen betekent. 
 
Dit probleem uit zich vooral op zuur zandige bodems en gezien in Vlaanderen deze 
gronden veelvuldig gebruikt worden voor landbouw, is het probleem hier prominent 
aanwezig. In de periode 1995-1997 werd een grootschalig onderzoek, gebaseerd op het 
protocol van Van der Zee, uitgevoerd om de P verzadiging van de zuur zandige regio in 
Vlaanderen in kaart te brengen. Deze resultaten werden gebruikt als basis voor het opstellen 
van de wetgeving inzake P bemesting. Deze regelgeving werd strikter in 2009 waarbij een 
bodem wettelijk als P verzadigd werd beschouwd indien de gemeten fosfaat 
verzadigingsgraad (FVG) > 35% (> 40% in 1999), en als P kritisch indien de FVG > 25% (> 30% 
in 1999). Het eerste gedeelte van deze studie onderzocht of de huidige wetgeving effectief is 
inzake stabilisering of vermindering van de FVG in Vlaanderen. Om de evolutie van de FVG te 
onderzoeken, werden in 2009-2010 op beperkte schaal, op 21 vooraf geselecteerde velden, 
opnieuw stalen genomen. Na vergelijking van deze resultaten met deze van een tiental jaar 
geleden werd over het algemeen een toename van de FVG vastgesteld in plaats van de 
verwachte, gelijke of lagere waarde. Bovendien werd een neerwaartse P beweging 
gevonden, hetgeen erop wijst dat P, net zoals N, naar dieper gelegen bodemlagen uitspoelt, 
maar over een langere periode. Beide vaststellingen leiden tot de conclusie dat de actuele 
wetgeving of de methode om de P verzadigde gebieden te bepalen niet voldoen om het P 






Vermits P uitspoelt in een snel tempo en daardoor de diepere grondlagen sneller dan 
verwacht bereikt worden, zijn de hydrologische condities, zoals de diepte van de 
grondwatertafel, een  belangrijke factor. Nochtans worden deze gegevens bij het bepalen 
van de P verzadiging met de FVG niet voldoende opgenomen. Bovendien is het belangrijk dat 
de bepaling kan gebeuren met een beperkte invoer van data. Daarvoor werd gebruik 
gemaakt van het PLEASE model, een simpel instrument om P uitspoeling vast te stellen. Dit 
model werd in Nederland reeds getest op zuur zandige bodems en heeft daar zijn 
doeltreffendheid bewezen. Het model werd aangepast en geoptimaliseerd naar de Vlaamse 
omstandigheden, waarna werd een gevoeligheidsanalyse werd uitgevoerd. Deze analyse 
onthulde dat de invoer van de parameters wateroplosbare P (Pw
 
) en het netto 
neerslagoverschot (NP) de meeste onzekerheid in het model veroorzaakte. Daarom is het 
belangrijk dat deze parameters op een optimale manier bepaald worden. Tenslotte, 
wanneer de resultaten van de classificatie van P verzadigde velden, gebaseerd op het PLEASE 
model, en de huidige classificatie, gebaseerd op de FVG, met elkaar vergeleken werden, 
werden op locale schaal enkele belangrijke verschillen vastgesteld. Het risico op P 
uitspoeling veroorzaakt door de hydrologische omstandigheden kan substantieel zijn. 
Hiermee wordt in Vlaanderen op dit ogenblik te weinig rekening gehouden, terwijl dit zou 
moeten meegenomen worden bij de opmaak van nieuwe beperkingen of regels.    
De analyse van het P uitspoelingprobleem is belangrijk, maar evenzeer dient gezocht 
te worden naar mogelijkheden die het kunnen oplossen, namelijk mitigatie opties. Daarover 
gaat het tweede deel van deze studie. Ten eerste kan overwogen worden om P 
vastleggingproducten aan zuur zandige bodems toe te voegen om zo de P fixatie capaciteit 
te verhogen, waarbij de P uitspoeling naar het grond- en oppervlakte water verminderd of 
gestopt wordt. Resultaten hebben aangegeven dat Fe zouten, chemisch voorbehandelde 
mineralen, gedroogd Fe slib afkomstig van waterzuiveringstations en Phoslock® het meest 
efficiënt waren om P te fixeren (vast te houden) in meerdere bodems met een 
verscheidenheid aan P concentraties. Het P fixatie experiment toonde aan dat de FVG van 
een bodem niet altijd de beste indicator is voor het bepalen van de P vastleggingefficiëntie 
van de producten. Deze resultaten zijn veelbelovend voor het aanpakken van het P 
probleem op korte termijn, vermits deze producten toelaten de P in de bovenste 





Dit is al een stap voorwaarts om de eutrofiëring veroorzaakt door P aan te pakken 
maar dit is geen lange termijn oplossing vermits er teveel P aanwezig blijft in de bodem. Dit 
gegeven, samen met de steeds duurder wordende P meststoffen, was de aanleiding voor het 
derde gedeelte van deze studie en de tweede mitigatie optie, namelijk P beschikbaar maken 
in de bodem door toevoeging van fosfaat oplossende bacteriën (PSB). Deze PSB werden 
reeds met succes gebruikt in tropische, kalkhoudende bodems met een lage hoeveelheid 
beschikbare P, maar met de aanwezigheid van fosfaatgesteenten. In dit onderzoek werden 5 
PSB van de Bacillus and Pseudomonas soort getest op verschillende voedingsbodems met 
een hoge onbeschikbare P hoeveelheid die gebonden is op Al en Fe. Alle PSB hebben 
bewezen zich aan deze omstandigheden te kunnen aanpassen en waren in staat P op te 
lossen. Daarna werden ze getest in puur zand en in een zuur zandige bodem met een hoog P 
gehalte. De resultaten gaven dat aan van de geteste PSB, Pseudomonas putida en Bacillus 
brevis het best functioneerden bij hoge P concentraties. Hierbij werd hun potentieel om 
gebruikt te worden in zuur zandige bodems in Vlaanderen aangetoond.  
 
Wanneer beide mitigatie opties samen toegepast worden, namelijk eerst P 
vasthouden (binden) in de bovenste bodemlaag en daarna deze opgeslagen P opneembaar 
maken voor de planten en zo gebruiken als meststof voor de gewassen, zou dit een 
oplossing op lange termijn kunnen betekenen voor de P verzadigde bodems. Op korte 
termijn zou de P uitspoeling tegengehouden worden en zou voor een P uitmijning van de 
bodem op lange termijn gezorgd worden. Bovendien zou het gebruik van bijkomende P 
meststoffen vermeden worden, waardoor het enerzijds een winstgevend (voordelig) 
alternatief zou zijn voor de landbouw en anderzijds heilzaam (nuttig) zou zijn voor het 
milieu. 
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Fixation experiment  
In appendix I the bar chart with standard deviation and the results of the statistical 
analysis are given. This was done for the simple salt treatments to Zw and for the minerals, 
dried Fe sludge and specially designed products with addition rates given in Table 4.5 to all 
six soils. The graphs are ordered by field, in the same way as in Chapter 4, first the total 
Pinorganic loss followed by the Pinorganic 
P fixation efficiency of the simple salts  









































Figure I.1. Total Pinorganic (mg P kg
-1) leached out of Zw over the eight leachate events  with addition of simple 


































































Figure I.2. Amount of Pinorganic (mg P kg
-1) leached per leachate event with addition of simple salts to Zw 








P fixation efficiency of the minerals, bauxite, industrial by-product and specially 


















































Figure I.3. Total Pinorganic (mg P kg
-1) leached out of Zw over the eight leachate events with addition of 
minerals, bauxite, an industrial by product or specially designed products(  p<0.05, significance of amount 
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Figure I.4. Amount of Pinorganic (mg P kg
-1) leached per leachate event with addition of the minerals and 
bauxite to Zw (p<0.05, significance of amount of Pinorganic loss between treatments per leachate event) 
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Figure I.5. Amount of Pinorganic (mg P kg
-1) leached per leachate event of Zw with addition of the by product 
































































Figure I.6. Total Pinorganic (mg P kg
-1) leached out of Ze2 over the eight leachate events with addition of 
minerals, bauxite, an industrial by product or specially designed products (p<0.05, significance of amount of 
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Figure I.7. Amount of Pinorganic (mg P kg
-1) leached per leachate event with addition of the minerals and 
bauxite to Ze1 (p<0.05, significance of amount of Pinorganic loss between treatments per leachate event) 
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Figure I.8. Amount of Pinorganic (mg P kg
-1) leached per leachate event of Ze1 with addition of the by product 





























































Figure I.9. Total amount of Pinorganic (mg P kg
-1) that has been leached out of Z2 with addition of minerals, 
bauxite, industrial by product or specially designed products (p<0.05, significance of amount of Pinorganic 
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Figure I.10. Amount of Pinorganic (mg P kg
-1) leached per leachate event with addition of the minerals and 
bauxite to Ze2 (p<0.05, significance of amount of Pinorganic loss between treatments per leachate event) 
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Figure I.11. Amount of Pinorganic (mg P kg
-1) leached per leachate event of Ze2 with addition of the by product 
















Figure I.12. Total Pinorganic (mg P kg
-1
) leached out of Li1 over the eight leachate events with addition of 
minerals, bauxite, an industrial by product or specially designed products (p<0.05, significance of amount                  
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Figure I.13. Amount of Pinorganic (mg P kg
-1) leached per leachate event with addition of the minerals and 
bauxite to Li1 (p<0.05, significance of amount of Pinorganic loss between treatments per leachate event) 
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Figure I.14. Amount of Pinorganic (mg P kg
-1) leached per leachate event of Li1 with addition of the by product 































































Figure I.15. Total Pinorganic (mg P kg
-1) leached out of Li2 over the eight leachate events with addition of 
minerals, bauxite, an industrial by product or specially designed products (p<0.05, significance of amount                  










































Olivine BM+1h HCl R3
Biotite R3
Biotite BM+1h HCl R3
Zeolite R3




Figure I.16. Amount of Pinorganic (mg P kg
-1) leached per leachate event with addition of the minerals and 
bauxite to Li2 (p<0.05, significance of amount of Pinorganic loss between treatments per leachate event) 
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Figure I.17. Amount of Pinorganic (mg P kg
-1) leached per leachate event of Li2 with addition of the by product 
























































Figure I.18. Total Pinorganic (mg P kg
-1) leached out of Li3 over the eight leachate events with addition of 
minerals, bauxite, an industrial by product or specially designed products (p<0.05, significance of amount                  
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Figure I.19. Amount of Pinorganic (mg P kg
-1) leached per leachate event with addition of the minerals and 
bauxite to Li3 (p<0.05, significance of amount of Pinorganic loss between treatments per leachate event) 
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Figure I.20. Amount of Pinorganic (mg P kg
-1) leached per leachate event of Li3 with addition of the by product 
and specially designed products  (p<0.05, significance of amount of Pinorganic loss between treatments per 
leachate event)
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